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ABSTRACT 


Photo-assisted  redox  processes  mediated  by  illuminated  soniconductor 
particles  find  their  origin  with  the  electron/hole  pair  formed  siibsequent  to 
the  light  absorption  event.  This  article  focusses  on  those  events  oocurring  on 
TiOj  particles  (anatase  form;  bandgap  energy  3.2  eV)  in  aqueous  media.  In 
particular,  the  emphasis  is  placed  on  the  photo-oxidative  reactions  induced 
initially  by  the  valence  bend  hole  (redox  potential  at  Til  "  0,  ca.  3. 0-3. 2  V) 
and  which  find  practical  aiaplication  in  the  degradation  of  a  variety  of 
organic  ccxnpounds  (aliphatic  and  aromatic)  of  VEurying  complexity,  as  mi^t  be 
found  in  waste  waters  or  industrial  effluents.  VJhile  the  total  oxidative 
mineralization  of  these  compounds  has  been  demonstrated,  as  evidaiced  by 
observation  of  stoichiometric  formation  of  00^  in  every  ceise,  the  intimate 
details  of  process  kinetics  and  mechanisms  have  not  been  documented.  Ihe  very 
nature  of  the  oxidizing  species  has  been  invoked  by  some  to  be  the  valence 
band  holes  (free  or  trapped)  interacting  directly  with  the  organic  substrate 
and  by  others  to  be  the  OH*  radical,  formed  by  hole  oxidation  of  the  OH* 
groups  or  H2O  molecules  on  the  TiO^  particle  surface.  As  well,  taking  the  CH* 
radical  to  be  the  oxidant,  two  schools  have  evolved  recently,  distinguished  by 
whether  oxidation  by  OT*  species  occurs  at  the  particle  surface  or  by  a  free 
OH*  radical  which  desorbed  into  the  solution  bulk.  Herein,  we  present  some  of 
the  data  and  arguments  germane  to  the  questions  raised  and  present  some  recent 
pulse  radiolysis  results  which  bear  on  these  issues. 
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ABSTRACT 


This  report  summarizes  the  current  status  of  experimental  and  theoretical  studies  which  address 
fundamental  and  applied  aspects  of  electrochemistry  in  colloids  and  dispersions.  The  range  of 
such  microheterogeneous  fluids  examined  includes  micellar  solutions,  microemulsions, 
emulsions,  latexes,  and  dispersions  of  solids  in  liquids.  Several  broad  subtopics  are  described. 
These  topics  include  electroanalytical  methods  and  applications,  solute  distribution,  diffusion, 
and  transport,  electrosynthesis  and  electrocatalysis,  polymers  and  latexes,  and  colloidal  metals 
and  semiconductors. 

This  report  is  presented  in  three  volumes,  I,  II,  and  in. 
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Recent  discussions  in  heterogeneous  photocatalyzed  mineralization  of 
organic  contaminants,  mediated  by  illundnated  TiO^  aiiatase,  have  centered  on 
mechanistic  details  in  efforts  to  improve  the  photocatalyt,ic  activity  of  the 
TiC^  material,  and  to  understand  the  role  and  importance  of  mineralization  by 
free  versus  surface  hound  oxidizing  radicals  (CH*)  on  the  one  hand  and  versus 
direct  hole  oxidation  on  the  other.  If  the  potential  of  this  semiconductor  in 
photocatalytic  processes  can  be  maximized,  a  better  understanding  of  the 
chemical  nature  of  the  photo-formed  electrons  and  holes,  together  with  the 
role(s)  these  species  play  in  heterogeneous  reactions  at  the  TiO^/electrolyte 
interface  is  required.^  Despite  the  various  efforts,  the  mechanism  of  the 
T^otocatalyzed  oxidative  degradation  of  organics  renains  unclear.  Even  the 
optical  characteristics  of  the  photo-generated  valence  band  holes  in  illumin¬ 
ated  TiO^  have  not  been  established.  Conflicting  reports  have  assigned 
absorption  features  which  appear  in  the  near  UV-visible  region  to  photogener¬ 
ated  holes  (see  ref. 2  for  a  recent  discussion]. 

Two  principal  pathways  have  been  proposed  in  the  mineralization  of 
organic  substrates  or  oxidation  of  inorganic  materials.  One  of  these  considers 
the  surface  OfT  groups  and/or  molecular  water  on  TiC^  as  the  primary  target', s) 
for  the  reaction  of  the  photogenerated  holes,  a  reaction  fdiich  yields  OH* 
radicals.  The  current  prevailing  view  favors  these  radicals  as  the  priineiry 
oxidizing  species,  which  proceed  to  react  with  the  substrate.^  The  alternative 
pathway  involves  direct  hole  oxidation  of  the  organic  substrate,  a  view 
reinforced  by  a  recent  study^  vhich  failed  to  detect  any  of  the  expected  £M- 
adduct  intermediates  following  flash  photolysis  of  several  TiO^/substrate 
ccmbinations. 
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Added  to  the  issue  of  the  nature  of  the  primary  oxidizing  species, 
another  problem  that  has  been  raised  is  vdiether  the  primary  oxidation  event 
implicating  the  CH*  radical  occurs  on  the  photocatalyst’s  surface  or  in 
solution,  subseqxient  to  its  desorption. 

In  this  paper,  we  first  discuss  the  nature  of  the  heterogeneous  surface 
and  then  sc«ne  of  the  more  significant  results  and  ctmclusions  reached  by 
others.  Subsequently,  we  look  at  our  recent  pulse  radiolysis  work*’®  in  which 
we  examine  the  reaction  of  OH*  radicals  with  colloidal  (6.5  nm  rad.  /  TiO^ 
particles  in  aqueous  media.  V?e  find  that  reaction  of  the  (XI*  radical  with  the 
TiO^  occurs  at  a  diffusion-controlled  rate.  We  conclude  that  release  of  (XI* 
formed  upon  illumination  of  the  TiC^  surface  is  an  unlikely  event.  We  also 
emphasize  that  the  species  produced  by  reaction  of  (XI*  with  TiO^  is  identical 
to  a  trapped  hole  at  the  particle  surface. 


WE  NAWHB  OF  WE  TiO^  PARTICLE  SURFACE 

When  a  crystal  of  TiC^  (e.g. ,  anatase  form)  is  produced,  the  network  of 

Ti^'  and  0^'  comes  to  an  abrupt  end  at  the  gas/solid  or  liouid/solid  interface. 

This  leads  to  titaniiandV)  species  at  the  surface  vAiich  are  coordinatively 

unsaturated,  that  is  there  are  dangling  orbitals  (surface  states)  on  the 

particle  surface  which  can  interact  with  orbitals  of  other  species  present  at 

the  interfaces.  Exposure  of  a  naked  TiC^  crystal  to  water  vapor  or  to  an 

aqueous  mediun  causes  hydroxylation  of  the  surface  by  dissociative  chemisorpt- 

IV  3  ? 

ion  of  molecular  water  to  satisfy  the  coordination  of  surfswie  Ti  ions.  ’ 
Figure  1  shows  schanatically  the  process. 

Two  types  of  surface  (XT  groups  result  as  evidenced  by  photo-electron 

g  TU 

spectroscopy:  (a)  one  (XI  group  bridges  two  surface  vicinal  Ti  ions,  becom- 
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ing  a  Bronsted  acid  center,  and  (b)  the  other,  a  terminal  Ti  -OH*  group  vdiich 
has  basic  character.  The  TiC^  particle  surface  also  contains  chonisorbed  and 
physisorbed  water  of  hydration.  Temperature  progranroed  desorption  experiments 
have  placed  the  number  of  surface  OH”  groups"  at  ca.  5  CS/nm  ,  representing 
less  than  50%  of  s«irface  coverage.^  A  theoretical  report  puts  the  number  of 
CXT  groups  at  5-10  per  nm  ,  with  the  exact  nimiber  dependent  on  the  type  of 
crystal  plane  examined. The  consensus  seems  to  be  7-10  (XT/nm^ 

TiO^  at  ambient  temperatiire .  Chemisorbed  water  (1^0  bound  directly  to  surface 

TV  1  9 

Ti  ions)  amounts  to  about  2-3  raolecules/nm  for  rutile  TiC^.  Thus,  most  if 

IV 

not  all  the  Ti  sites  are  occupied. 

Other  species  present  in  the  medium  can  also  chemisorb  strongly  (and 
irreversibly)  on  these  sites  and/or  HPO^  ,  F*  and  NOij  )  displeicing  some 

of  the  terminal  OH'^groups  to  give  a  surface  coverage  approaching  half  a  mono- 
layer.  Other  anions  (Cl*,  I",  and  SO^  )  are  reversibly  adsorbed.  This 
extrinsic  adsorption  has  important  consequences  in  photocatalyzed  oxidat- 
ions,  since  anions  can  potentially  block  catalytic  sites  and  scavenge  redox 
equivalents.  The  nonstoichiometry  of  TiO^  provides  surface  Ti^^^  sites  on  which 
such  electron  acceptors  as  molecular  oxygen  can  adsorb.  High-temperature  (400- 
600  C)  pre-treatment  of  Ti'J^  in  an  oxidizing  atmosphere  (0^)  reduces  the 
number  of  these  sites,  w  lie  pre-treatment  in  a  reducing  atmosphere  (H2) 
increeises  their  numbcsr. 


SAWRB  OF  ms  SIS2FACE  (F"  TiC^  UNDER  IRRADIATION 

In  the  absence  of  li^t  aiid  in  a  given  aqueous  electrolyte  medium,  the 
pai'ticle  surface  will  have  certain  electronic  characteristics  and  a  distinct 
number  of  adsorption  sites  onto  which  anions,  cations,  organics,  and  other 
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species  present  can  chemisorb  or  physisorb,  reversibly  or  irreversibly.  In  the 
presence  of  light,  the  surface  electronic  properties  will  undergo  dramatic 
changes,  altering  as  well  the  natxire  of  the  adsorption  sites.  Ihus,  dark 
adsorption/desorption  events  will  be  adtered,  and  additionad  new  events  will 
take  place  arising  from  liiotoaidsorption/photodesorpticMi  equilibria. 

Ibe  primary  Tdiotochemical  aict,  subsequent  to  neair-UV  light  absorption  by 
TiC^  particles  (wavelengths  <  380  nm) ,  is  the  g^eration  of  electron/hole 
pairs  v^ose  separation  into  conduction  bend  electrons  (e*(j)  and  valence  band 
holes  (h^yg)  is  facilitated  by  the  electric  field  gradi^it  in  the  space  charge 
region  (eqn  1)  .  Cbanically,  the  hole  ^ich  is  associated  with  valence  bonding 

TiC^  +  hv - >  TiC^{e*. .  .h*) - >  e*Qg  +  h^yg  (1) 


orbitals  is  constrained  at  the  surface  or  sub-surface  sites  in  the  region 

where  light  is  absorbed.  The  greater  mobility  of  the  electron,^  poised  at  the 

conduction  band  potential,  facilitates  its  migration  across  the  particle 

(Figure  2).  Both  charge  carriers  travel  rapidly  to  the  surface*  where  they  are 

ultimately  trapped  by  intrinsic  sub-surface  energy  traps  {Ti^'-<^*-Ti^''}  for  the 

fV  25 

hole  and  surface  traps  {-Ti  -}  for  the  electrons  (eqn  2),  and  by  extrinsic 
traps  via  interfacial  electron  transfer  with  surface  adsorbed  electron  donors 
(Djg.)  and  acceptors  respectively  (eqn  3). 


~*Eijrf«4  ^  "Wfice 

®»ds  ^  ^^ads 

^  -^ads 


(2a) 

{2b) 

{3a) 

{3b) 
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Rapid  electron/hole  recombination  (reverse  of  eqn  1)  necessitates  that  D  axui  A 
be  pre-adsorbed  prior  to  light  excitation  of  the  TiC^  photocatalyst.  Adsorbed 
redox-active  solvents  can  also  act  as  electron  dmors.  In  the  case  of  a 
hydrated  and  hydroxylated  TiC^  anatase  surface,  hole  trapping  by  interfacial 
electron  transfer  occurs  via  eqn  4  to  give  surface-bound  OH*  radicals. Ihe 
necessity  for  pre-adsorbed  D  and  A  for  efficient  charge  carrier  trapping  calls 


{Ti“'-0^'-Ti^'}-C*i'  +  - 

~>  {Ti^-0?‘-Ti^'}-C«* 

(4a) 

{Ti^’-0^'-Ti^^}-(»2  +  h'^  - 

— >  {Ti^-0r'-Ti^}-0H*  +  H' 

(4b) 

attention  to  the  importance  of  adsorption/desorpticai  eqiailibria  in  photocatal¬ 
ysis.  Ihese  equilibria  and  the  extent  of  adsorption  will  depraid  on  sixih 
factors  as  the  pH  of  the  nsdium  and  the  point  of  zero  charge  for  the  TiOs  used 

«r 

(for  anatase,  pzc  *  6. 0-6. 4  "*'*),  which  in  turn  is  hi^ly  affected  by  the 
particle  environment  (rature  of  ions,  icMiic  streigth,  among  others).  In  acid 
media,  the  particle  surface  is  positively  cbarged  arxi  should  eihance  adsorpt¬ 
ion  of  anionic  and  polar  substrates;  in  edkaline  media  the  strrface  cbarge  is 
negative  and  should  favor  adsojrption  by  cationic  species. 

It  should  be  esaphasized  that  even  trapped  electrons  and  holes  can 
rapidly  recombine  on  the  particle  surface.  To  obviate  recooibinaticai  of  holes 
and  electrons,  the  latter  carrier  is  scavenged  by  pre-adsorbed  (and  photo- 
adsorbed)  molecular  oxyg&i  to  give  the  superoxide  radical  anion,  C^(ads), 

(eqn  5)  idiich  can  be  reduced  further  to  the  peroxide  dianicsi,  O^'leds)  (eqn 
6).  Alternatively,  surface  peroxo  species  can  be  foroed?^'^  either  by  hydroxyl 
radical  (hole)  pairing  (eqn  7)  or  by  sequential  t»«>-hole  capture  by  the  sme 
OH  group  (eqns  4a  aixi  8)  or  by  disimitation  of  0^**  (eqn  9). 
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(5) 

(6) 


C^(ads)  4  e‘(j  - >  o^-*(ads) 

Ci--(acU)  .  e-j,  -— > 

- > 

- >  +  2h' 

(Tl''-c;--Ti",^.  *  h',  -1> 
2C^»(ads>  - >  c^(ada)  +  0^^‘(ads) 


>  O^lads) 


{7a) 

(7b) 

(8) 

(9) 


In  acidic  media  (pH  3),  in  which  roost  photo-oxidative  decomposition  of 
organics  have  been  carried  out  historically,  the  superoxide  radical  anion 
protonates  to  give  the  hydroperoxide  radical,  HC^*  (pKa  4.88  ^^).  Other 
reactions,  among  others,  that  no  doubt  occur  on  the  TiO^  particle  surface  and 
that  are  solvent  (water)  related  are  suninarized  in  eqns  10  to  15. 


C^**(ads)  >  HC^«(ads) 

2  H(^*  - ^  H2C^  +  0^ 

+  C^-«  - >  OH*  4  Off  + 

+  e'cB  - >  OH*  +  0H‘ 

- >  +  2H^  ^ 

(^'*  +  HC^*  - >  (^  +  HO^-  .!L>> 


It  is  evident  that  under  illumination,  the  electronic  characteristics 
and  the  very  nature  of  the  TiO^  particle  surface  have  undergone  a  dramatic 
change.  It  will  be  the  extent  of  these  changes,  under  the  conditions  used, 
that  will  dictate  en  premier  lieu  the  events  which  take  place  along  the  photo- 
oxidative  path  of  the  organic  substrates  to  total  mineralization. 


:z2zr-/ 
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THE  NATWE  OF  THE  CSIDIZING  SPECIES  (HOLE  vs  Off'  RADICAL) 

■Die  chemical  evidence  to  date  supports  the  notion  that  the  OH*  radical 

is  the  major  oxidizing  species  involved  in  the  lAotomineralization  of  most  of 

43-47 

the  organics  examined.  Such  evidence  st^ns  from  the  observaticxi  of 
hydroxy lated  intermediate  products,  formed  along  the  course  of  the  photo¬ 
oxidation  process  and  vAiich  bear  close  resemblance  to  products  obtained  by 

to 

oxidation  with  Fenton's  reagent.  In  the  oxidation  of  phenol  by  light- 

IQ 

activated  TiO^  in  aqueous  media,  CStamoto  et  al.  have  identified  the  products 
shown  in  Scheme  1,  the  major  ccxnponents  being  hydroquincaie  (HQ),  and 


catechol  (CC)  for  16%  conversion.  Similar  hydroxylated  species  ( 3-f luorocat- 
echol,  f luorohydroquinone ,  4-f luorocatechol ,  and  1 , 2 , 4-trihydroxybenzene )  have 
been  identified  in  the  photo-oxidation  of  3-fluorophenol.®®  Photo-oxidation  of 
3-chloroThenol  over  light-irradiated  ZnO  in  aqueous  media  gave  the  hydro¬ 
xylated  intermediates  illustrated  in  Schane  2,  with  cdilorohydroquinone  as  the 
major  ccsnponent  for  30%  conversion.^'  Added  sup]x>rt  for  CW*  as  the  prinmry 
oxidant  in  aqueous  media  comes  from  a  recent  kinetic  deuterium  isotope 
experiment  which  showed  that  the  rate  limiting  step  in  the  photo-oxidation 
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of  iso-propanol  on  TiO^  is  formation  of  active  oxygen  species  through  a 
reaction  involving  the  solvent  water. 


OH 


hy,  O2 
2nO,HjO 


(Scheme  2) 


The  nature  of  the  intermediates  implicated  in  the  photo-oxidation  of 

water  with  TiC^  has  been  identified  in  several  reports  using  spin  traps  by  the 

electron  spin  resonance  (ESR)  technique.  Using  a  pre-reduced  anatase  powder  in 

32 

aqueous  solutions  (pH  4  and  7)  at  ambient  conditions,  Jaeger  and  Bard  and 
53 

Harbour  et  al.  identified  only  the  anodically  formed  OH*  radical,  since 
confirmed  by  other  workers. A  low- temperature  (77  K)  ESR  study  identified 
the  CSI*  radical  (no  spin  traps)  however,  this  was  recently  questioned  by 
Howe  and  Gratzel  who  found  no  evidence  for  OH*  species,  even  at  4.2  K.  These 
authors  have  inferred  that  the  ESR  signal  seen  by  Anpo  et  al.^^  and  theirs  is 
associated  with  the  0**  radical  anion  resulting  from  trapping  of  positive 
holes  at  lattice  oxide  ions  (eqn.  2a).  They  postulated  that  the  OH*  radicals 
identified  by  spin  trapping  methods  are  not  the  primary  product  of  hole 
trapping,  but  originate  as  transient  intermediates  of  photo-oxidation. 

Regrettably,  ESR  investigations  have  provided  no  clear  picture  of  the 
primary  radical  intermediate ( s )  in  the  TiO^  assisted  photo-oxidation  of  water. 
The  nature  of  the  observed  radical  species  appears  to  depend  on  the  origin  and 
pre- treatment  of  the  TiC^  sample,  on  the  conditions  and  extent  of  its  reduct¬ 
ion,  on  the  extent  of  surface  hydroxylation,  and  on  the  presence  of  molecular 
oxygen,  among  others. 

In  some  cases,  the  presence  of  inhibitors  (CM*  radical  scavengers),  from 
ccxnpetition  experiments,  and  identification  of  intermediate  products  and  their 
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ratios  has  led  some  authors  to  infer  that  T^oto-oxidations  of  organics  over 
light-activated  TiOj  (and  ZnO)  implicates  both  OH*  radicals  and  positive  holes 
(eqn  ig) TOus,  oxidation  of  acetate  at  illuminated  TiO^/water 


substrate 


"hole" 


\ 

cxr/HjO 


oxidation  products 


substrate 


CH* 


(16) 


interface  produced  not  only  the  expected  photo-Kolbe  products  00^  and  methyl 
radicals  by  positive  holes,  but  also  glycolate  and  glyoxylate  which  originated 
from  oxidation  of  acetate  by  hydroxyl  radicals  via  H-atom  abstraction  at  the 
methyl  group.®'  Photo-oxidation  of  dichlorobenzene  over  aqueous  ZnO  dispers¬ 
ions  has  led  to  various  hydroxylated  intermediates,  the  formation  of  which  is 
quantitatively  inhibited  by  ethanol  which  scavenges  the  OH*  radical  in  the 

first  step  of  the  reaction.®®  This  was  taken  as  evidence  that  the  CSl*  species 

55 

is  the  sole  oxidant.  By  contrast,  the  photo-oxidation  of  furfuryl  alcohol 

6ind  mono-chlorophenols®'  appears  to  proceed  by  both  pathwajrs.  For  the  phenols, 

the  major  pathway  65%)  was  oxidation  via  (ST  radicals  and  the  remainder  via 

51 

direct  hole  oxidation. 

It  should  be  remarked  that  product  identification  may  not  lead,  if  at 
all,  to  a  delineation  of  OH*  versus  hole  oxidation,  since  the  products  may  be 
identical  in  both  cases.  For  example,  the  products  identified  in  the  photo¬ 
oxidation  of  phenol  (Schane  1)  may  originate  either  by  OH*  radical  attack  of 
the  phenol  ring,  or  by  direct  hole  oxidation  to  give  the  cation  radical  vhich 
subsequently  undergoes  hydration  in  solvent  water  ( Scheme  3 ) .  Thus ,  product 
analysis  alone  will  in  most  cases  be  insufficient  to  unambiguously  establish 
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the  process (es)  in  the  primary  photochemical  event. 


(Schane  3) 


Several  years  eigo,  we  indicated  that  complete  degradation  of  organics 

over  light-excited  aqueous  TiO^  suspeixsions  did  not  occur  if  either  H^O  and/or 

molecular  were  absent.  Partial  oxidations,  and  not  mineralization,  are 

often  the  rule  and  not  the  exception  when  photo-oxidations  ajre  carried  out  in 

redox- inert  solvents.  '  Acetonitrile  and  dichloromethane  have  coniDonly  been 

used.  In  the  absence  of  water,  total  mineralization  of  the  organic  substrate 

does  not  occur;  only  partially  oxidized  products,  often  involving  ihoto- 

oxygenation,  have  been  isolated. In  these  cases,  the  primary  oxidizing 

species  was  described  as  the  positive  hole.  Reactions  17-19  illustrate  scxne 

24  48 

relevant  recent  examples  from  the  work  of  Fox  and  co-workers.  ' 


TiOz* 

CHjCN 


(17) 


12 


-100% 


Additional,  equally  convincing  evidence  for  direct  hole  oxidation,  ais 
the  principal  step  in  the  Tiioto-oxidation  process,  vjas  reported  in  an  early 

CQ 

study  by  Boonstra  and  Mutsaers  who  conclixied  that  the  hydroxyl  radical  weis 
unlikely  to  participate  in  reactions  involving  TiO^.  Modification  of  the  Ti02 
surface  with  chlorosilicon  ccmpounds  led  to  a  decrease  in  the  activity  for 
several  lAotocatalyzed  reactions,  yet  the  effect  was  smaller  than  the  extent 
of  the  eliminated  hydroxyl  groups.  The  enhanced  yield  of  phenol  photo-oxidat¬ 
ion  in  de-oxygenated  suspensions  of  ZnO,  containirig  Hg^^  ions  8^  electron 
scavengers,  was  taken  as  conclusive  by  Domenech  et  al.^®  for  a  direct  hole 
oxidation  pathway. 

Perhaps  the  strongest  evidence  for  direct  hole  oxidation  ccnies  from  a 
recent  study®^  which  failed  to  detect  any  of  the  expected  hydroxylated  inter¬ 
mediate  CW*-adducts  following  diffuse  reflectance  flsish  photols^sis  of  several 
TiO^ /substrate  combinations.  Experimental  difficulties  together  with  the  fact 
that  CH*-adducts  often  possess  absorption  bends  in  the  UV  region  vAiera  TiC^ 
al^orption  interferes,  thereby  obstructing  observation  of  such  expected  hydro¬ 
xylated  species,  do  not  obviate  the  intermediacy  of  OH*  radicals  (possibly  by 

U 

an  electron  transfer  process)  in  photo-oxidations.  As  noted  recently  by  Fox, 
the  possibility  that  such  single  electroii  i-edox  reactions  could  be  mediated  by 


trapped  hole  equivalents  either  on  the  metal  oxide  surfaice  (as,  for  example, 
by  a  surface  bound  OH*  radical)  or  by  a  sub-surface  lattice  oxygen  situated 
directly  beneath  an  adsorbed  hydroxide  ion  remains  unanswered. 

SlSmaS  vs.  SOLUTION  EEAOnONS 

Another  issue,  often  raised  in  discussions  of  photocatalyzed  mineral¬ 
ization  of  organic  substrates,  is  whether  the  initiad  oxidation  of  the  organic 
substrate  occurs  on  the  iihotocatalyst's  surface  or  in  solution. 

In  analyzing  the  kinetic  data  of  lAotocatalyzed  oxidations  (and  reduct¬ 
ions),  mediated  by  photo-activated  saniconductor  particles,  several  stixiies  in 
the  1980 ’s  literature  have  fitted  the  results  to  the  simple  rate  expression  of 
the  form  of  eqn. 

^iniUal  =  W(C/(1  +  KC)  (20) 

Detsr';nination  of  initial  rates  of  oxidation  as  a  function  of  increased  concen¬ 
tration  of  organic  substrate,  for  a  given  jiiotocatalyst  loading,  ooniaonly 
yields  the  type  of  plots  illustrated  in  Figure  3,  taken  for  the  photo¬ 
oxidation  of  m-cresol.®^  The  similarities  of  eqn. 20  or  its  more  ccmiplex  form 
for  a  multi -component  syst«n  (eqn.  21  ),  to  a  Langmuir  adsorption 

^  _  ( 21 ) 

^  +  E(,||  rc.ctams)  +  L(.|i  iwcrmedUicj) 

isotherm^^  (where  k  is  the  observed  rate  constant,  K  is  the  adsorption 
coefficient  and  is  the  initial  concentration  of  substrate)  have  led  to 


inferences  that  the  mineralization  process  takes  place  on  the  ihotocatalyst’s 


I 


6? 

surface.  {Note  that  the  values  of  k  and  K  are  apparent  anpirical  constants 
i^iich  describe  the  rate  of  degradation  under  a  given  set  of  experimental 
conditions  covering  a  range  of  solute  concentrations;  they  have  no  absolute 
meaning) .  Similar  plots  obtain  if  one  considers  a  bimoleculeir  reaction  between 
reactants  X  and  Y.  Hie  initial  rate  vail  increaise  with  increase  in  the  concen¬ 
tration  of  the  Y  (or  X)  substrate;  the  kinetics  become  pseudo  first  order. 
Thus,  a  Langmuirian  type  behavior  does  not  guarantee  a  surface  occurring 
process . 

A  rigorous  treatment^  of  the  kinetics  involved  in  the  photo-catalyzed 
oxidations  of  organic  substrates  on  an  irradiated  saniconductor  under  a 
variety  of  conditions  has  recently  examined  vdiether  it  was  possible  to 
delineate  surface  vs.  solution  bulk  reactions.  The  derived  kinetic  model 
considered  four  cases  implicating  OH*  radical  attack  of  the  organic  substrate: 
(i)  reaction  occurs  vhile  both  species  are  adsorbed;  (ii)  reaction  occurs 
between  the  adsorbed  substrate  and  the  free  radical;  (iii)  reaction  occurs 
between  surface  bound  OH*  radical  and  the  substrate  in  solution;  and  (iv) 
reaction  occurs  while  both  species  are  in  solution.  In  all  cases,  the  analyt¬ 
ical  form  of  the  derived  complex  rate  expressions  was  identical  and  was 
similar  to  that  from  the  Langmuir  raodel.  Clearly,  kinetic  studies  alone  are 
silent  as  to  whether  photo-oxidations  are  surface  processes  or  solution 
processes.  An  anpirical  model  based  on  enzyme  kinetics  confirmed  this 
difficulty. 

Some  studies  have  sought  chemical  evidence  and  inferences  to  ascertain 
vhether  or  not  the  oxidation  is  a  surface  process.  The  selective  inhibiting 
influence  of  iso-propanol,  which  modifies  only  two  terms  in  the  kinetic 
expression  that  are  independent  of  the  furfuryl  alcohol  (FA)  concentration, 
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was  taken  by  Lenaire  et  al.^^  to  mean  that  oxidation  of  FA  by  OH*  radicals  over 
ZnO  dispersions  occurs  in  the  hcxnogeneous  phase.  The  relative  importance  of 
the  formation  of  glycolate  and  glyoxylate  via  oxidation  of  acetate 
increases  with  increasing  pH.^^  It  was  inferred  that  since  in  alkaline  media 
little  adsorption  of  acetate  takes  place  on  the  negatively  charged  TiC^ 
surface,  the  hydroxyl  radicals  must  diffuse  away  from  the  surface  of  the 
photocatalyst  to  oxidize  acetate  in  solution. 

In  their  elegant  study,  Turchi  and  Ollis^  inferred  that  the  photo- 
oxidative  process  need  not  occur  at  the  catalyst's  surface,  as  the  reactive 
CW  species  can  diffuse  several  hundred  angstroms  in  the  solution.  Other 
workers  have  suggested  that  the  diffusion  length  of  an  (**  radical  in  the 

go 

presence  of  TiO^  may  only  be  a  few  atomic  distances  or  less. 

A  recent  photoelectrochemical  study®^  is  strongly  supportive  of  a 
solution  cm*  reactive  species  in  TAotocatalyzed  oxidations.  The  two  important 
anodic  aixl  cathodic  reactions  on  the  working  metal  electrode  are  embodied  in 
eqns  22.  In  a  slurry  photochaaical  resuitor  cwitaining  an  organic  substrate, 


TiO^' 

- >  TiC^  +  e' 

(anodic) 

(22a) 

ai* 

- >  OH"  +  h* 

(cathodic) 

(22b) 

the  initial  photocurrent  was  cathodic  which  rapidly  became  anodic  under 
steady-state  (Figure  4).  Immobilization  of  the  TiO^  onto  a  conducting  carbon 
paste  in  a  non-uniform  manner,  in  vdrich  presvanably  ao  TiC^  comes  in  contact 
with  the  electrede,  gave  similar  results  as  the  slurry  cell  reactor.  Nozik  et 
al.  inferred  frcmi  the  results  that  photo-generated  surface-originating  OH' 
radicals  must  diffuse  into  solution  to  generate  the  observed  cathodic  photo- 
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current. 


By  contrast,  another  (ESR)  study^®  concludes  that  the  CXI*  radical  dor'S 
all  its  work  on  the  catalyst's  surface,  and  Thoto-oxidation  is  a  surfeco 
process.  Irradiated  HjOj  is  a  well-known  source  of  OH*  radicals  in  hotvjgeneous 
rhase.  Variations  in  the  ratio  [I}MPC>-^1/[I}MPC)-CX)^]  as  a  function  rf 
[ Formate ]/[DMPO]  in  a  competition  experiment  between  formate  ar//  the  spin  trap 
used  (DMPO)  for  the  OH'  radical,  vdiich  generates  00^*  radicalt-;,  were  followed 
by  the  ESR  technique.^®  A  similar  competition  experiment  was  carried  out  in  a 
heterogeneous  system  containing  TiO^,  formate  and  DMPO.  It  was  thought  that  if 
the  CSH*  radical  produced  by  illumination  of  TiC^  reacted  in  homogeneous  phase, 
then  the  variation  in  [DMP0-OH]/[I)MPC>-C0^3  would  have  to  overlap  that  from  the 
experiment.  As  noted  in  Figure  5,  the  reference  syston  H^O^  and  the  TiC^ 
syst«n  showed  different  behavior,  taken  as  evidence^^  that  the  CXI*  radicals 
re8Kit  heterogeneously  on  the  surface  of  the  TiO^  particles. 

Unfortunately,  these  competition  experiments  remain  inconclusive. 
Considerations  of  the  several  complex  events  (Schene  4)  occurring  on  the  TiC^ 
peirticle  and  the  various  other  species  present  on  the  surface  lead  us  to 
conclude  that  the  behavior  embodied  in  Figure  6  should  not  have  been 
iMiexpected.  Identical  variation  of  the  ratios  would  only  have  been  observed  if 
the  parameters  describing  the  steps  were  identical  in  both  homogeneous  and 
heterogeneous  phases.  However,  the  presence  of  a  TiO^  particle/solution  inter¬ 
face  will,  no  doubt,  influence  the  kinetics  (k’)  of  the  various  stages  in 
Scheme  4,  as  one  or  more  may  occur  chi  the  particle  surface,  not  to  mention  the 
differences  in  the  term  and0I'j“  for  the  1^0^  verstis  the  TiC^  experiment, 

respectively. 


17 


.ZZT' 


k,[OH*] 

^  j 


TiO^' 


(soln) 


kjCHCC^-] 


^oc 


k^[OC^''] 


'  kjEDMPO] 


->  {DMPO-CC^}  (SchCTie  4) 


k,[DMPO] 

\ 

{DMPO-C«) 


kjtOH-] 
or  fc^[n  ] 


^  iOKPO-Oe/^  {weo-oozi  ■  kj/ik^kjlHOO^  ]*‘Ec02^ 

and 

4’{DH?0-0Bi/4  ’iD«FO-C021  = 


It  is  clear  that  one  technique  alone  cannot  provide  unambiguous  conclus¬ 
ions  and  that  other  evidence  need  be  obtained,  which  together  with  other 
results  might  lead  to  a  reasonable  understanding  of  the  complex  events  in 
Thoto-oxidation . 

23 

Recent  time-resolved-microwave-conductivity  studies  on  TiO^  Degussa 
P  25  showed  a  definite  increase  in  the  lifetime  of  the  mobile  charge  carrier 
(electron)  in  the  presence  of  iso-propanol,  resulting  either  from  (i)  scaveng¬ 
ing  of  surface  OH*  radicals  by  i-PrCH  or  (ii)  to  displacanent  of  a  deep 
surface  trap  by  the  alcohol.  Observation  of  a  smELll  signal  growth  in  the  last 
pulse  of  a  100-pulse  train  (5  Hz)  in  the  TiC^/i-PrCXI  sample  vjas  inferred  to 
EUise  from  electron  ejection  frcra  the  (3IjC*(C4I)CHj  radicals,  formed  in  an 
irradiated  (with  3  MeV  from  a  Van  de  Graaff  accelerator)  iso-propeinol  sol  of 
TiC^,  via  eqn.  23.  A  similar  process  explained  the  observed  thotocurrent 
doubling  effect  by  alcohols,  a  process  which  could  only  take  place  at  the 


ZZT-/^ 
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TiO^  surface. 


CH3C*((M)CH3  +  TiOj - >  C3i3C(0)CH3  +  TiO^'  +  (23) 


We  now  discuss  our  recent  pulse  radiolysis  work,®  in  vAiich  we  attempted 
to  resolve  these  two  issues  by  this  technique  and  to  clarify  the  conflicting 
views  regarding  the  optical  features  of  the  photo-generated  hole. 


FULSB  RADIOLYSIS  SIWIES 

DifficxiLties  encountered  in  interpreting  results  from  light  activated 
Ti02  could  be  obviated  by  the  pulse  radiolytic  method  which  affords  examining 
the  behavior  of  one  of  the  charge  carriers  without  the  interference  from  the 
other.  We  examine®  the  reaction  of  TiO^  colloids  with  radicals  produced  by 
irradiation  of  h^Osaturated  aqueous  solutions  with  high  energy  electrons.  The 
observed  growth  rate  of  the  product,  which  we  presently  define  simply  as  (TiO^ 
+  CH*} ,  varies  linearly  with  [TiC^]  giving  k  =  6.0  x  IO^'M’^s*^  (concentration  in 
terms  of  peurticles ) .  Ihe  decay  rate  of  this  product  increases  linearly  with 
[C»C],  k  =  1.5  X  lO^hf^s*^® 


Spectral  Features  of  the  Hole  -  Henglein  et  al.^®'^^  have  reported  an 
absorption  bend  at  430  nm  for  the  photogenerated  trapped  hole  in  platinized 
TiC^.  A  more  recent  study^'  ascribes  a  bexxi  at  630  nm  to  the  photogenerated 
hole.  These  conflicting  results  have  been  taken  up  by  Bahnacann. 

If  the  trapped  hole  is  an  oxidized  lattice  oxygen  as  described  in  eqn. 
2a,  and  to  the  extent  that  the  O'*  radical  in  hcxnogeneous  phase  has  a  spectral 
feature  at  240  nm,'“  it  is  difficult  to  rationalize  a  400-nm  shift  when  this 
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radical  is  bonded  to  two  Ti  on  a  TiO^  particle.  Tbe  issue  was  resolved  by 

injecting  a  hole  into  TiO^  via  reuiiolytically  formed  (X*  radicals.  Figure  6 

illustrates  the  resulting  spectrum  of  the  {TiO^  +  (XT)  product  vdiich  shows  an 

onset  of  absorption  at  ca.  470  nm  rising  toWEurd  the  UV  region  and  reaching  a 

maximim  at  350  nm,  more  in  line  with  expectaticHis . 

Nature  of  the  {TiC^  +  OH*}  Product  -  Molecular  oxygai  h£id  no  effect  on 
the  fate  of  this  prodixit.  However,  SQT  was  cncidized  by  this  product  to  the 
SCN*  radical  which  in  the  presence  of  excess  gave  the  (SC3J)2**  anion 
radical  (Figure  7).  Ihe  rate  of  decay  of  {TiO^  +  (Xf)  in  the  presence  of  thio¬ 
cyanate  could  be  expressed  by  eqn  24,  vhere  kj°  is  the  intrinsic  decay  of  the 

Rate = k{d=cay)( (Ti02  f  OH' )]  =  (  kf>  +  )  [ (Ti02  +  OH'))  ‘  ’ 


product  (5.4  x  lO^s'h ,  kj  (3.7  x  lO’s'h  is  the  SO^  dependent  first  order  decay 
of  (TiO^  +  OH*) ,  and  K  is  the  adsorption  coefficient  of  SQJ'  caa  the  surface  of 
TiO^  (1.5  X  loV*).  The  suggested  meciianism  for  the  oxidaticxi  of  S(2f  is  given 
by  the  sequence  in  eqns  25.  The  electron  transfer  reaction  25b  occtrrs  between 
the  two  species,  SCN"  ion  and  (XT  radical,  when  both  are  adsorbed  at  the 
surface  of  the  same  TiO^  peuticle.^ 


kads 

kdcs 


{Ti02}  +  SCN- 


(SCN-)ads 


(25a) 


ki 

{Ti02  +  0H-}  +  {SCN-)ads  —  {Ti02  +  0H'}-SCN* 
SCN- 

{Ti02  +  0H‘j-SCN* - {Ti02}  +  SCI^‘ 


(25b) 


{25c) 


Cksnsideraticttis  of  the  yield  of  this  radical  diaer  permitted  defining  the 
redox  potential  of  {TiC^  +  CXT}  as  1.5  V,  a  strcmgly  oxidizing  species,  yet  a 
r?.  trier  deep  hole  trap  about  1.3  eV  above  the  valoice  bazxi  of  TiOk.  Ihe  product 
is  acidic  in  aqueous  media,  pKa  eqtal  to  ca.  2. 8-2. 9  (eqn.  26). 


{Ti(IV)-02*-TiaV) )  -OH*  +  H+  ^  {Ti(IV)-0-  ’-TiCTNO I-H2O  <  26 ) 

Given  that  a  photogenerated  free  hole  reacts  with  water  or  CH*  groups 
upon  arri\^l  at  the  TiO^  surface  to  create,  initially,  an  adsorbed  OB* 
radical,  a  process  which  occurs  on  a  small  particle  within  a  few  picoseconds, 
we  were  unable  under  our  ccaiditions  to  distinguish  betJ«en  a  trapped  hole  and 
an  adsorbed  OH*  radical.  We  identify  the  product  of  the  OH*  reacticai,  (TiCi  + 
OH*},  as  the  trapped  hole  (adsorbed  hydroxyl  radical),  aisi  sake  no  distincticai 
between  I  and  II  of  eqn. 27.^ 


{Ti{IV)-02--Ti(iV) }  OH*  { {Ti(IV)-02--Ti(IV) ) -OH*  -  {Ti(IV)-0-  --TiCIV)  }-0H' }  ( 27 ) 


I 


II 


CONCUJSIONS 


Our  pulse  radiolysis  results  are  consistent  with  the  interpretation  that 
adsorbed  CH*  radicals  (surface  trapped  holes)  are  the  major  oxidants,  while 
free  hydroxyl  radicals  probably  play  a  minor  role,  if  any.  Since  we  find  that 
the  OH*  radioed  reacts  with  TiC^  at  a  diffusion  controlled  rate,  the  reverse 
reaction,  that  is  desorption  of  CW*  to  the  solution,  would  seem  highly 
unlikely.  The  surface  trapped  hole,  as  defined  by  eqn  27,  accounts  for  most  of 
the  observations  vhich  have  previously  led  to  the  suggestion  of  CXI*  radical 
oxidation.  Ihe  formation  of  and  the  observations  of  hydroxylated  inter¬ 
mediate  products  can  all  occur  via  siarface  reaction  of  this  species.  Although 
we  cannot  entirely  preclude  the  remote  possibility  that  a  small  fraction  of 
the  CXI*  radicals  may  leak  out  from  the  "surface"  and  mediate  the  photo¬ 
oxidation  process  in  solution,  its  contribution  to  the  total  photo-oxidative 
process  must  be  minimal. 

Further  indications  that  the  CXT  radicad  is  surface  bound,  and  is 
unlikely  to  desorb  into  the  solution,  emanates  from  a  recent  study^^  which 
notes  that  decaf luorobiiX^enyl  (DFBP)  is  tenaciously  adsorbed  (  ^  99%)  on  metal 
oxide  particle  surfaces  {Al2Ci^  and  TiO^)  and  does  not  undergo  facile  exchange 
between  the  two  oxide  materials  (  ^  5%) .  When  adsorbed  on  tf;-^  alunina  surface 
in  dispersions  into  idiich  or  a  TiC^  colloidal  sol  (particle  size  ca.  0.05 
un)  is  added,  followed  by  uv  irradiation,  the  DFBP  is  photodegraded.  This 
indicates  that  the  CXI*  radical  from  HjC}^  and 
alumina)  migrate  to  the  reaction  site  on  the  DFBP/Al20^  system  to  initiate  the 
photo-oxidative  events.  By  contrast,  if  TiO^  beads  (size  ca.  1000  un)  are  used 
in  lieu  of  or  the  Ti02  sol  to  generate  the  oxidizing  species,  the  photo¬ 
degradation  is  nearly  suppressed  and  is  identical  to  the  behavior  of  the 


TiO^  sols  (particles  adsorbed  on 
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DFBP/AI2O5  systan  alone,  irradiated  with  uv  15 “^t  vmder  otherwise  identical 
conditions.  Pentafluorophenol,  vdiich  readily  exchanges  between  the  two  metal 
oxide  surfaces,  undergoes  facile  i:iiotodegradation  under  the  same  conditions. 
The  authors  conclude  that  the  photogenerated  oxidizing  species  (CH*  radical) 
does  not  migrate  far  from  the  photogenerated  active  sites  on  TiO^,  and  that 
the  degradation  process  must  occur  at  the  photocatedyst  surface  or  within  a 
few  atomic  distances  from  the  surface. 
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Figure  1 

Figure  2 
Figure  3 

Figure  4 
Figure  5 

Figure  6 

Figure  7 


-  Surface  hydroxyl  groups  on  TiCi.  (a)  Hydroxyl-free  surface; 

(b)  i:Aiysical  adsorption  of  water;  (c)  dissociation  of  water  to 
give  rise  to  two  distinct  Ctt^groups.  Adapted  from  refs.  3  and  7. 

-  Schmatic  representaticai  of  the  formation  of  an  electron/hole  pair 

and  electron  transfer  reeustion  at  the  semiconductor  particle. 

-  (a)  Plot  showing  the  effect  of  the  initial  concentration  on  the 

initial  rate  of  the  photo-oxidative  mineralization  of  m-cresol. 

(b)  Linear  transform  of  the  Langmuir-type  isotherm.  Reproduced 
with  permission  frcxn  ref.  65. 

-  Transient  response  for  Tia  P  25;  (a)  without  HCXXH  and  (b)  with 

0.1  M  HOOCW.  Repioduced  from  ref.  69. 

-  Formate  ccmpetition  "cross-over  point"  analysis;  Ratio  denotes  the 

ratio  of  the  ESR  peak  heights  of  the  EMEKMXl  to  the  DMPO-00^  spin 
adducts.  The  relative  [DMPO]  was  taken  as  1.  Adapted  frcai  tne  data 
of  ref.  70. 

-  Absorption  of  the  (TiO^  +  OH*}  product  following  reaction  of  Ti02 

with  radiolsdically  produced  OH'  radicEils.  Reproduced  frcxn  ref.  6. 

-  Dependence  of  the  pseudo  first  order  rate  (constant  for  the  decay  of 

the  {TiOj  +  OH*}  product  on  [SChT].  The  inset  shows  the  Langmuir 
analysis  of  the  results.  Reproduced  from  ref.  6. 
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Abstract.  The  first  experimental  observation  of  “surface  intervalenc*  enhanced" 
Hainan  scattering  (not  SERS)  is  reported.  The  transition  giving  rise  to  the 
enhancement  is  a  heterogeneous  charge  ts  asfer  between  FefChDs^  and  colloidal 
titanium  dioxide  (Vrachnou,  et  al.  Li’  .  .nal.  Chem..  1989.  258. 1931 
Enhancement  effects  in  the  scatterin«'  spectrum  are  interpreted  with  the  aid  of 
recently  developed  time-dependent  analyses.  From  die  analyses  a  complete, 
<|uantitative  description  of  charge-transfer  induced  vibrational  reorganization  is 
obtained  (i.e.  all  force  constants,  ail  normal  coordinate  displacements,  and  all  single¬ 
mode  components  of  the  vibrational  Franck-Condon  barrier  to  charge-transfer  are 
obtained).  For  the  T?e(CN)^  /  colloidal-TiOj  system,  the  most  significant  findings  are; 
a)  that  a  total  of  ten  modes  are  displa<^d  during  interfadal  electron  transfer,  b)  that 
the  largest  single  displacement  occurs  in  a  mode  associated  with  a  bridging  cyanide 
ligand,  and  c)  that  three  surface  modes  (Ti-0  vibrations)  are  activated  during  optical 
electron  transfer. 


JUN  IB  ’91  10:37 


708  491  7713  PAGE . 002 

2zr- 


3 


One  of  the  key  requirements  in  any  quantitative  description  of  electron  transfer 
kinetics,  in  any  environment,  is  an  accurate  estimate  of  internal  or  vibrational 
reorganization  energetics.^  We  have  recently  shown  tiiat  complete  mode-by-mode 
descriptions  of  vibrational  reorganization  for  selected  metal-to-ligand^  and  metal-to- 
metal  (or  intervalence)^  charge-transfer  events  in  solution  can  be  obtained  by 
applying  time-dependent  scattering  theory*^  to  pre-  or  post-resonance  Raman 
spectra*  The  quantities  obtained  are  redox-induced  normal  coordinate  displacements 
(a),  force  constants  (f)  and  individual  oamponents  (XiO  of  the  total  vibrational 
reorganization  energy  (x,).  We  now  wish  to  report  an  extension  of  this  methodology 
to  an  interfadal  charge  transfer  reaction. 

The  reaction  chosen  was  optical  electron  transfer  from  Fe(CN)<^  to  colloidal 
titanium  dioxide:^-* 


Fe{CN)s^/^ 

FeCCN)^^., 

'Tn 

Fc(CN)6A  •SSSSSS' 

Fe(CN)«’-’' 

(1) 

FcCCnW 

Fe(CN)(i‘’'  ( 

/  Ti02 

FeCCKte*"!/ 

Fe(CN)6^- 

w 

Following  Vrachnou  and  co-workers/  we  find  that  an  intense  optical  absorption 
exists  =  410  nm,  e  =  5,000  M*’  cm*'’)  for  the  "surface  intervalence"  charge 
transfer  reaction  in  eq.  1.  We  further  find  (fig.  1)  that  Raman  scattering  spectra  can 
be  readily  obtained  based  on  near-resonant  excitation  (4S8  nm).^  Control  experiments 
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at  514.5  nm  (nominally  preresonant),  at  647.1  nm  (off  resonance),  with  ferrocyanide 
alone,  or  with  colloidal  TiOj  alone,  all  show  ffie  scattering  in  fig.  1  to  be  resonantly 
enhanced  (e.g.  enhancement  factors  of  at  least  20  for  the  highest  energy  modes),*® 

The  observation  of  enhancement  is  of  central  importance:  witttin  the  context  of 
the  time-dependent  theory,*^  resonance  enhancement  (Albrecht  A-term  scattering) 
indicates  the  displacement  of  normal  coordinates  in  direct  response  to  the  pertinent 
electronic  transition  (in  our  case,  eq.  1).  h\  the  simplest  case,  the  quantitative 
relationships  between  scattering  intensity  (1)  and  molecular  structural  changes  are:* 

i,/j,  =  ai  Al/(4  4  <2) 

and 

X,  *  0.5^  Ai<a,/2ir)  (3) 

where  O)  is  27t  times  the  vibrational  frequency  and  the  summation  is  over  all  modes 
which  are  significantly  resonantly  enhanced.  If  a  local  mode  approximation  is 
appropriate,  absolute  bond  length  changes  ( I  Aa  I )  can  also  be  obtained:^ 

(lAai)  ss  (4) 


In  eq.  4,  p  is  the  reduced  mass  and  b  is  the  bond  degeneracy. 

Table  1  lists  the  relative  intensities,  unitless  normal  coordinate  displacements 
and  bond-length  changes  obtained  for  resonance  enhanced  modes.  Absolute  a  and 
Aa  values  were  derived  by  assuming  that  the  changes  in  length  for  nonbridging  Fe-C 
bonds  equalled  those  determined  crystallographically  for  free  Mode 

assignments  were  made  by  analogy  to  Fe(CN)^V^  {H3N)5Ru-NC-Fe(CN)s**,  (HjNlsOs- 

nr-v/ 
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NC*Fe(CN)s’'  and  related  systems^®  and  will  be  described  in  greater  detail  elsewhere. 
From  the  table,  a  number  of  points  are  worth  noting:  1)  The  total  ninnber  of  modes 
(or  types  of  bonds)  displaced  is  surprisingly  large  (ten)  indicating  that  even  the 
simplest  of  mterfadal  redox  reactions  may  entail  substantial  complexity  in  vibrational 
activation.  2)  As  seen  for  related  binudear  metal  systems  (in  solution)/  bridging 
modes  suffer  the  greatest  displacement,  with  the  OeN  bridging  mode  providing  the 
largest  single  contribution  to  the  vibrational  barrier.  3)  Remarkably,  three  surface 
modes  are  enhanced  and  therefore  displaced  during  optical  electron  transfer.  This 
last  observation  is  unprecedented  experimentally  and  is  at  odds  with  most,  if  not  all, 
existing  theoretical  views  of  interfadal  electron  transfer. 

While  the  mode  assignments  in  Table  1  are  reasonably  well  established, 
questions  do  arise  regarding  the  possibility  of  more  than  one  type  of  binding 
geometry  (e.g.  doubly-bridged)  and  the  degree  of  protonation  of  the  bound 
ferrocyanide.  We  performed  a  number  of  control  experiments  where:  (1)  Fe(CN)4^ 
and  colloidal  TiOj  concentrations  were  substantially  varied.  (2)  The  pH  was  varied 
between  1  and  3.  (3)  Multiple  excitation  wavelengths  were  used  in  resonance.  (4)  An 
isotope  study  using  a  7:1  dilution  in  D2SO4/D2O  was  completed.^*  Interestingly,  all  of 
these  experiments  led  to  no  diange  in  relative  Raman  intensities  or  frequency  shifts. 
These  results,  therefore,  tend  to  support  the  notion  that  only  one  type  of  complexed 
ferrocyanide  species  exists,  which  apparently  is  unprotonated,  and  is  bound  to 
titaniian  via  a  single-cyanide  ligand.^* 
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Finally,  the  possibility  of  unwanted  scattering  from  either  a  Prussian  blue  or 
titanate/FeCOvOe*"  spedes  was  considered.  We  eliminated  the  Prussian  blue  problem 
by:  (a)  using  OsfCN)^^  in  place  of  FefCN)^^  with  similar  results,  0?)  purposely 
making  the  Prussian  blue  complex  which  absorbs  in  the  red  and  showing  that  it  is 
not  present  in  our  absorption  spectrum,  and  (c)  proving  that  no  enhancement  occurs 
in  the  FeCChOj^/colloidal-TiOj  solution  at  647.1  nm  (where  Prussian  blue  would 
absorb).  The  sea>nd  problem,  titanate  formation  during  preparative  TiCl^  hydrolysis, 
can  be  effectively  eliminated  by  dialysis.^  This  was  confirmed  by  an  electrochemical 
experiment  (supplementary  material)  in  which  redox-active  FeiCN)^^  (i-e.  free  or 
titanate  bound)  was  shown  to  be  absent  from  Fe(CN)5‘‘'/diaIy2ed-colloid  solutions, 
but  present  in  intentionally  prepared  titanate  solutions.^ 

Supplementaiy  Material  Available:  One  figure  showing  differential  pulse 
voitammograms  for  Fe(CN)6*‘/colloidal-Ti02  and  Fe(CN)6^/titanate  solutions. 
Ordering  information  is  given  on  any  current  masthead  page. 
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the  dialyzed  and  diluted  colloid  produced  stable  charge  transfer  assemblies. 

For  Raman  studies  (excitation  at  457.9, 488.0, 514.5  and  647.1  nm)  the  colloidal 
sols  contained  approximately  10^  moles  of  FeCCN)^^  per  gram  of  TiOj;  higher 
loadings  led  to  sol  aggregation  then  precipitation.  Ferrocyanide  concentrations 
ranged  from  0.1  to  1.0  mM.  In  a  few  experiments  NCV  or  methanol  was 
added  as  an  internal  intensity  standard.  The  sol  pH  was  varied  between  1  and 
3  (chiefly  by  varying  dialysis  times  and  the  number  of  dialysis  steps)  with  no 
variations  found  in  the  enhanced  scattering  spectra.  It  should  be  noted  that  at 
the  low  pH's  used  in  this  study,  polyvinyl  alcohol  (a  common  colloid 
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9.  Raman  spectra  were  obtained  with  a  windowless  flow  cell  under  an  argon 
blanket.  Chromophore  concentrations  were  chosen  so  as  to  minimize 
complications  from  self  absorption.  Typically,  a  bandpass  of  9  cm~^  was 
employed  with  40  to  60  mW  of  incident  exdtation  p>ower.  For  weak  portions 
of  the  spectrum,  signals  were  sometimes  averaged  (with  appropriate  checks  for 
system  drift)  for  as  long  as  twenty  hours.  We  note  further  that  background 
(X>unts  in  the  low  energy  end  of  the  spectrum  (ca.  750  to  300  cm”^  see  fig.  1) 
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were  often  as  high  as  5,000  per  second,  rendering  signal  extraction  somewhat 
difficult 
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Our  results  stand  in  marked  contrast  to  those  of  Umapathy,  McQuillan 
and  Hfester  (Chem.  Phvs.  Lett.  1990,  ^0, 128)  who  very  recently  reported 
observing  only  the  two  highest  frequency  modes  seen  in  our  spectrum.  The 
precautions  described  above  no  doubt  account  for  the  exceptional  differences 
between  our  findings  and  those  reported  elsewhere. 

10.  In  addition,  very  weak,  xmenhanced  inodes  at  656  and  920  cm"^  were 
occasionally  found,  as  was  a  stronger  mode  (also  unenhanced)  at  1641  cm"l 
Lack  of  enhancement  indicates  ladc  of  participation  of  these  modes  in 
vibrational  reorganization. 

11.  Intensities  have  been  corrected  for  residual  self  absorption  (Shriver,  D.  F.; 
Dunn,  J.  B.  R.  Appl.  Spectrosc.  1974, 2^  319)  and  for  attenuation  effects. 

12.  Swanson,  B.  I.;  Hamburg,  S.  I.;  Ryan,  R.  R.  Inorg.  Chem..  1974, 1^  1685. 

13.  Jones,  L.  H.;  Memering,  M.  N.;  Swanson,  B.  I.  T.  Chem.  Phvs..  1971, 5^  4666. 

14.  If,  in  fact,  two  cyanide  ligands  serve  as  bridges,  aa  (Vc.,m  bridge)  deaeases  to 
0.032  A;  most  other  Aa  values  would  be  diminished  by  about  10%. 

15.  The  source  of  titanate  was  the  outer  portion  of  a  coUoidal-HOj  dialysis 
solution.  See  ref.  7  for  related  experiments. 
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Table  1.  SpectroscopiCy  structural  and  reoiganizational 
pai^eters  for  electron  transfer  from  FeCCN)**"  to  colloidal  TiOj. 
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Mode 

Relative 

Intensitv^ 

A^ 

1  Aai 

Xi 

Assignment 

2118  an-’ 

20.0 

0.95*= 

0.048  A 

1000  cm-’ 

Vc.N  bridge 

2072 

6.61 

0.33 

0.014 

340 

Vc.N  radial 

2Q5S 

5.44 

0.27 

0.026 

280 

Vc-N  terminal 

720 

0.27 

0.11 

7 

40 

7 

598 

1.00 

0.59 

0.026’’ 

180 

W^c 

540 

0.33 

0.24 

0.039 

60 

VFec  bridge 

516 

1.12 

0.89 

e 

230 

VxK> 

484 

0.90 

0.82 

e 

200 

418 

0.56 

0.69 

e 

140 

Wk) 

364 

0.27 

0.43 

0.059 

80 

Vr^N 

a.  Depolarization  studies  indicate  that  all  modes,  with  the  possible  exception  of  modes  at 
540  and  720  cm~’  (too  weak  to  detennine  with  certainty),  are  totally  symmetric,  b.  Within 
the  experimental  uncertainty,  relative  intensities  are  unaffected  by  changes  in  excitation 
wavelength,  c.  All  values  scaled  to  the  value  for  at  598  cm*’-  d.  Taken  from  (or  taken  as) 
the  crystallographically  determined  value’^  for  Fe(CN)^^'^.  e.  Value  not  determined,  since 
the  measured  normal  coordinate  displacement  (a)  may  entail  more  than  one  type  of  bond 
length  displacement  (i.e.,  a  local-mode  approximation  may  not  be  appropriate). 
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Caption  for  Figure  1 


Figure  1.  Preresonance  Raman  spectrum  of  0.6  mM  Ffe(CN)t^/5.8g/L  TiOj  colloid 
at  pH  =  2.0  with  488.0  nm  excitation.  The  asterisk  at  656  cm~^  denotes 
an  unenhanced  E,  mode  of  TiPj.  The  mode  at  540  an**^  is  real  and  is 
more  a>nvincingly  resolved  in  experiments  performed  at  457.9  nm. 
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Supplemental  Figure.  Differential  pulse  voltammograms  of  (A)  Fe(CN)6^/titanate 
solution  prepared  from  the  outer  dialysis  water,  pH  =  2.0,  0.65  mM  FeCCN)^^,  = 
0.33  V;  (B)  Fe(CN)<^/Colloidal-Ti02  assembly  prepared  from  the  inner  dialyzed 
solution.  The  experimental  conditions  are  as  follows:  scan/rate  5  mV  s’’,  pulse 
amplitude  -  5  mV,  pulse  width  =  0.5  sec.  The  electrode  material  used  was  glassy 
carbon. 
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PHOTOINDUCED  ELECTRON  TRANSFER  IN  A  COVALENTLY  LINKED  PORPHYRH'I- 
Ru02  CLUSTER:  PHOTOCATALYSIS  IN  AN  ORGANIC-INORGANIC  COMPOSITE 
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Ute  Resch  and  Marye  Anne  Fox* 

Department  of  Chemistry,  University  of  Texas  at  Austin,  Austin,  Texas  78712 

The  spectroscopic  characterization  of  a  series  of  surfactant-like  tris-meso-(p- 
octoxyphenyOporphyrins  (MP,  M  =  2  H,  Zn,  4H2+)  covalently  linked  through  a 
meso-p-phenoxyalkyl  group  of  varying  numbers  of  methylene  group  (CH2)n  and  (n  = 
1,4-7)  terminated  by  a  bipyridine  ligand  (B)  to  a  Ru02  cluster  (R),  MPBnR,  are 
discussed.  Thus,  a  one-electron  photocatalyst  is  covalently  bound  through  a  well- 
known  ligand  for  transition  metals  to  a  multi-electron  dark  catalyst  capable  of  either 
oxygen  or  hydrogen  evolution. 

The  variable  length  of  the  alkyl  chain  linking  the  photoresponsive  porphyrin  to 
the  Ru02  cluster  allows  for  a  shift  in  populational  preferences  for  folded  or  extended 
conformers.  The  observed  photocatalytic  activity  in  these  systems  derives  from 
photoinduced  electron  transfer  from  the  porphyrin  excited  singlet. 

A  unique  design  feature  of  MPBnR  is  their  potential  utility  in  microemulsions. 
In  either  an  anionic  or  cationic  microemulsion,  the  water-insoluble  porphyrin  (M  =  2H, 
Zn)  resides  in  the  organic  phase  or  at  the  interface.  Upon  photoexcitation,  it  can 
transfer  charge  across  the  phase  boundary  to  the  hydrophilic  RuC)2  catalyst  held  in  the 
aqueous  phase. 
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Introdiiction 

The  construction  of  multi-component  systems  which  feature  a  light-responsive 
photosensitizing  unit  bound  chemically  to  a  catalyst  which  is  active  in  inducing  redox  reactivity 
represents  a  viable  method  for  preparing  arrays  with  many  practical  applications  in  material 
science.  If  monomeric  or  polymeric  organic  ligands  are  employed,  such  materials  constitute 
organic-inorganic  composites,  an  area  of  burgeoning  importance  in  macromolecular  chemistry.  If 
the  attached  organic  unit  is  itself  photoactive,  the  resulting  photosensitive  composite  will  exhibit 
characteristics  favorable  for  interfacial  charge  separation,  a  problem  important  in  photolithography 
and  xerography. 

Such  multi-component  systems  are  also  important  in  providing  synthetically  accessible 
systems  which  can  mimic  many  of  the  features  of  natural  photosynthesis.  For  example,  the 
covalently  linked  donor-acceptor  systems  have  been  employed  as  redox-active  catalysts  by  several 
groups  (l-Sl.  In  order  to  achieve  high  efficiency  in  such  photoconversions,  the  array  must 
comprise  a  light  absorbing  unit  which  is  responsive  both  in  the  visible  and  infrared  regions,  as  well 
as  a  mechanism  by  which  the  excited  state  can  communicate  (usually  via  charge  migration)  with  a 
catalytically  active  site.  This  mechanism,  in  general,  will  allow  conversion  of  light  energy  into 
cnarged  equivalents  (a  photogenerated  electron-hole  pair),  which  interact  with  the  catalytic  site  so 
as  to  allow  a  second  step  in  which  the  transformation  of  these  charged  carriers  into  chemically 
oxidized  and  reduced  discrete  species  can  occur.  In  such  a  synthetic  composite,  the  efficiency  with 
which  incident  light  is  converted  to  chemically  stored  energy  will  depend  on  the  efficiency  for 
formation  of  the  charge  separated  pair  and  on  the  ratio  of  the  rates  for  product  formation  and  back 
electron  transfer  (which  would  consume  the  photogenerated  electron-hole  pair).  The  practical 
utility  of  such  composites  obviously  requires,  therefore,  that  the  parameters  which  control  electron 
transfer  must  be  well-defined  and  that  the  structure  of  the  composite  be  synthetically  manipulable. 

Previous  investigations  have  elaborated  the  dependence  of  electron  transfer  rates  on  the 
driving  force  (free  energy  charge),  solvation,  and  dismnce  between  the  electron  donor  and  acceptor 
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in  both  covalently  linked  systems  and  between  intennolecular  reaction  partners  (4-13'). 
Intermolecular  electron  transfer  in  rigid  media  (9)  shows  a  similar  distance  dependence  to  that 
exhibited  in  intramolecular  redox  reactions  in  which  the  donor  and  acceptor  are  separated  by  rigid 
spacers  (10.1 1).  or  by  flexible  chains  (12. ni.  The  latter  allow  variation  of  both  distance  and 
orientation  between  the  donors  and  acceptors  and  can  act  effectively  as  probes  for  assigning 
conformational  populations  (12.131.  but  rigid  spacers  offer  the  advantage  of  defined  distance  and 
orientation  (10.1 11. 

Many  examples  have  clearly  shown  that  electron  transfer  can  take  place  either  through  bond 
(possibly  involving  contributions  of  superexchange  along  a  linking  chain)  or  through  space  (by 
direct  interaction,  possibly  involving  intervening  solvent  molecules  between  the  donor  and  acceptor 
in  an  accessible  conformation  which  places  li.em  physically  within  convenient  electron  transfer 
distances)  (14.151.  The  relative  contributions  of  the  through-space  and  through-bond  interactions 
will  clearly  depend  on  the  conformational  populations  of  the  donor  and  acceptor  systems  (2c.  161. 

Since  efficiency  can  be  improved  either  by  enhancing  charge  separation  or  by  inhibiting  back 
electron  transfer  within  the  charge  separated  pair,  significant  effort  has  been  exerted  to  define  those 
factors  which  permit  retardation  of  back  electron  transfer  (17.181.  A  principal  means  to  achieve 
this  inhibition  is  to  conduct  the  electron  transfer  reaction  within  a  heterogeneously  dispersed 
medium  involving  molecular  organizates  such  as  microemulsions,  vesicles,  bilayers,  micelles,  etc. 
(17.181.  In  such  non-homogeneous  media,  the  electric  field  which  develops  at  the  interface 
between  solvent  regions  can  assist  in  the  separation  of  the  primary  charge  pair  and,  thus,  inhibit 
back  electron  transfer.  Furthermore,  such  non-homogeneous  media  permit  preferential  solubility 
of  reactants  or  products  into  separate  spatial  regions,  thereby  enhancing  charge  separation  and 
prolonging  the  lifetime  of  the  components  of  the  redox  pair  in  separate  microphases  (H). 

We  have  found  that  the  photophysical  characteristics  of  a  series  of  covalently  linked  meso- 
tris(octoxyphenyl)porphyrin-Ru02  composite  clusters  (MPBnR)  correlate,  as  expected,  with  the 
catalytic  properties  of  these  composites.  With  these  multi-component  systems,  a  synthetic 
porphyrin  (as  either  free  base,  acid,  or  zinc-coordinated  species)  modified  by  the  attachment  of 
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long  chain  alkyl  groups  to  a  meso-p-phenoxy  substituent  acts  as  a  photosensidzer.  This  porphyrin 
is  covalently  attached  through  an  alkyl  chain  composed  of  a  varying  number  of  methylene  units  (n 
=  1,  4-7)  to  a  terminal  bipyridine  group.  This  group,  in  turn,  acts  as  a  ligand  to  coordinate  a 
transition  metal  such  as  ruthenium,  which  can  be  hydrolyzed  under  standard  conditions  to  form  a 
Ru02  cluster  (R).  RuOi  clusters  have  been  previously  demonstrated  to  exhibit  characteristic  multi- 
electron  catalysis  in  the  oxidation  of  water  (with  evolution  of  oxygen)  or  in  the  reduction  of  water 
(with  evolution  of  hydrogen)  (19.20). 

These  composite  clusters,  when  dispersed  in  non-homogeneous  media,  e.g.,  in  a  water-in-oil 
microemulsion,  are  arranged  so  that  the  neutral  water-insoluble  porphyrin  (as  either  free  base  or 
metallated  form)  will  be  found  either  in  the  organic  phase  or  at  the  interface,  while  the  much  more 
polar  Ru02  cluster  would  be  held  in  the  aqueous  phase  (21.22).  The  desired  transformation, 
initiated  by  photoexcitation,  would  then  involve  transfer  of  charge  across  the  phase  boundary,  with 
the  expectation  that  this  phase  inhomogeneity  could  be  exploited  as  a  means  to  enhance  charge 
separation  in  the  photogenerated  electron-hole  pair  and  thus  to  retard  energy  dissipative  electron- 
hole  recombination. 

In  these  composites,  either  oxidative  or  reductive  photo-mediated  catalysis  could  be  expected 
depending  on  the  identity  of  the  porphyrin  sensitizer  (21-23).  For  example,  the  excited  singlet 
state  of  zinc  tetraphenylporphyrin  has  been  clearly  shown  to  be  a  very  active  reducing  agent 
(excited  state  oxidation  potential  =  -1.4  V  vs.  SCE)  (24.25).  whereas  the  excited  singlet  state  of  the 
free,  bis-protonated  (H42+P)  porphyrin  has  been  shown  similarly  to  be  a  strong  oxidant  (excited 
state  reduction  potential  =  -f-1.5  V  vs.  SCE,  from  the  diacid  form  of  octaethylporphyrin)  (25). 
Thus,  photoinduced  electron  transfer  from  the  zinc  porphyrin  to  RuOa  should  result  in  hydrogen 
evolution  in  a  water-containing  system,  whereas  hole  transfer,  mediated  by  excitation  of  free  acid 
porphyrin,  should  initiate  oxygen  formation,  provided  in  both  cases  that  appropriate  redox  electron 
transfer  relays  are  available  (21-23). 
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Synthesis 


The  synthesis  of  these  composites  has  been  described  in  detail  elsewhere  (21-23)  and  is 
represented  in  Scheme  1.  The  porphyrin  components  of  these  materials  were  obtained  by 
condensation  of  pyrrole  with  a  3:1  ratio  (Scheme  1)  of  substituted  to  unsubstituted  benzabehydes 
(substitution  by  attachment  in  the  para-position  of  an  OCgHn  group)  and  purified  by 
chromatography  (21).  The  non-functionalized  meso-phenol  group  was  allowed  to  react  4-(co- 
bromoalkyl)-4-'-methyl-2,2'-bipyridine.  The  resulting  ligand  functionalized  porphyrin  was  then 
treated  with  RuCls  in  a  3:1  mixture  of  THF:methanol,  and  heated  under  reflux  for  60  min  under 
nitrogen.  Upon  treatment  of  the  bound  complex  with  aqueous  base,  hydrolysis  occurred  to 
generate  porphyrin-complexed  Ru02  particles  (21.22).  Spectral  characteristics  of  such  particles 
are  reported  elsewhere  (21-23). 

ZnPBnR  was  obtained  by  treatment  of  fiee  base  porphyrin  with  Zn(OAc)2.  MPBn  and 
MPBnR  (M  =  2H,  Zn)  are  redispersable  powders  readily  soluble  in  chlorinated  solvents, 
tetrahydrofuran  (THF),  pyridine,  xylene-pentanol  mixtures,  and  in  both  anionic  and  cationic 
microemulsions  (21-23).  The  diacid  porphyrin  derivatives  (H42+PBnR)  were  obtained  by  treating 
the  free  base  or  zinc  porphyrins  with  strong  acid  (hydrochloric  or  trifluoroacetic  acid),  as 
previously  described  (21-23).  The  fiee  acid  composites  are  readily  soluble  in  chlorinated  solvents, 
THF,  and  in  either  cationic  or  anionic  micioemulsions  (21-23). 

Microemulsions.  The  anionic  microemulsion  was  prepared  by  mixing  p-xylene,  n-pentanol, 
water,  and  sodium  dodecylsulfate  in  a  57:20:12:11  wt  %  ratio.  The  corresponding  cationic 
microemulsion  was  similarly  prepared  as  a  mixture  of  55  wt.  %  p-xylene,  20%  n-pentanol,  12% 
water,  and  13  wt.  %  dodecyl  trimethylammonium  bromide.  Light  scattering  experiments  were 
used  to  define  the  resulting  hydrodynamic  radius  of  the  resultant  water  droplets  as  43  3  A  (26). 
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Preparation  of  a  Model  Ru02  Cluster.  A  model  dimethyl  bipyridine-capped  Ru02  cluster  Me2bpy- 
RuC)2  was  prepared  by  a  parallel  route,  involving  the  substitution  of  4,4'-dimethyl-2,2'-bipyridine 
for  the  ligand-functionalized  free  base,  Scheme  2  (22).  After  basic  hydrolysis,  the  resulting 
clusters  were  found  to  be  soluble  in  water,  methanol,  and  anionic  and  cationic  microemulsions,  but 
were  insoluble  in  chlorinated  solvents,  p-xylene,  and  p-xylene-n-pentanol  mixtures  (22). 

Results  and  Di.scussion 

Cyclic  Voltammerv  of  the  Model  RuCh  Cluster  (22).  The  dimethylbipyridine  surface-derivatized 
Ru02  clusters  exhibit  a  catalytic  oxidation  current  at  potentials  positive  of  +1.2  V  (vs.  SCE),  i.e., 
it  shows  only  a  modest  overpotential  (ca.  200  mV)  for  the  evolution  of  oxygen.  The  observed 
cyclic  voltammeric  behavior  is  consistent  with  previous  descriptions  of  such  clusters  as  effective 
catalysts  for  the  4-electron  oxidation  of  water  (12).  Me2bpy-Ru02  also  displays  moderate  catalytic 
activity  for  the  reduction  of  water  to  hydrogen,  Figure  1.  A  similar  behavior  has  been  reported  for 
a  RuC)2-coated  Ti02  substrate  (27). 

Characterization  of  MPBj^R  (M  =  2H.  Zn.  4H2+)  (21-23).  In  the  composites,  the  surface  of  the 
Ru02  cluster  is  functionalized  by  covalent  attachment  of  the  bipyridine  ligating  site,  resulting  in  a 
transition  metal  oxide  cluster  protected  against  further  growth  and  agglomeration  into  larger 
particles  by  its  organic  coating  (28.29).  When  imaged  by  transmission  electron  microscopy,  these 
clusters  show  an  average  size  of  21  +  7  A  which  seems  to  be  independent  of  the  linking  chain 
length,  making  them  among  the  smallest  Ru02  clusters  yet  reported  (22.23). 

This  chemical  sequestering  of  the  RuC)2  cluster  produces  an  enhanced  solubility  in 
chlorinated  and  other  non-polar  solvents.  That  is,  the  solubility  properties  of  the  composite  reflect 
solvation  interactions  with  the  attached  porphyrin  rather  than  with  the  hydrophilic  Ru02  cluster. 
Previous  reports  of  chemically  modified  CdSe  and  CdS  crystallites  bound  to  surface-attached 
phenyl  groups  similarly  exhibit  alterations  of  their  hydrophobic  character  and,  hence,  solubility, 
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compared  with  native  bulk  CdSe  or  CdS  clusters  (28).  As  with  these  crystallites,  the  synthesis  of 
re-disperable  powders  of  colloidal  semiconductor  clusters  which  employ  synthetic  routes  involving 
organometallic  reagents  (28).  or  polymeric  sodium  polyphosphate  (29)  as  a  stabilizing  surfactant 
have  been  reported. 

Spectral  Dependence  of  These  Porphyrin  Ru02  Composite  Clusters  on  Spacer  Chain  Length.  (23) 
The  absorption  spectra  of  MPBn  (M  =  2H,  4H2+)  are  not  influenced  by  coordination  to  RuCls, 
although  the  quantum  yields  for  fluorescence  are  strongly  attenuated.  Figure  2.  The  magnitude  of 
the  fluorescence  quenching  is  dependent  on  the  spacer  length  of  the  flexible  alkyl  chain  connecting 
the  porphyrin  and  the  Ru02  cluster.  Table  1.  Hydrolysis  of  the  MPBn-coordinated  RuCls  to  the 
MPBnR  composite  (M  =  2H,  4H2+),  however,  results  in  a  broadening  of  the  Soret  band,  although 
without  shift  in  the  band  positions.  Funher  diminution  of  the  fluorescence  of  the  composite  is 
observed  after  hydrolysis. 

Both  the  magnitude  of  the  Soret  broadening  and  the  further  decrease  in  fluorescence  intensity 
upon  formation  of  Ru02  are  likewise  dependent  on  chain  length,  Table  1.  For  composites  in 
which  the  metal  oxide  cluster  is  rigidly  attached  to  the  photosensitizer  (n  =  1)  or  where  substantial 
entropic  disorder  in  the  linking  chain  makes  folding  of  the  photosensitizing  porphyrin  over  the 
metal  oxide  cluster  unlikely  (n  =  7),  only  a  slight  broadening  can  be  observed.  For  composites  of 
intermediate  connecting  chain  length  (n  =  4-6),  more  extensive  broadening  is  notable.  Similarly, 
only  minor  changes  in  the  relative  fluorescence  quantum  yields  are  observed  upon  conversion  of 
the  complexed  RuCls  to  a  RuC)2  cluster  for  n  =  1  or  7. 

Porphyrin  aggregation  cannot  be  responsible  for  the  observed  spectral  broadening  in 
MPBnR,  since  the  absorption  spectra  of  redissolved  MPBnR  are  unaffected  by  concentration  over  a 
wide  range  (4  x  10’^  to  2  x  10"^  M)  (22.23).  Porphyrin  aggregation  has  previously  been  reported 
to  result  either  in  a  splitting  (20)  or  bathochromic  shift  (31)  of  the  Soret  band,  depending  on  the 
relative  orientation  of  the  two  strongly  interactive  porphyrins.  Nonetheless,  analogous 
perturbations  of  absorption  spectra  have  been  described  for  meso-tetratolyl  porphyrins  linked  to 
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quinones  and  hydroquinones  through  amide  bonds  of  variable  length  Qlc)  There,  the  broadened 
absorption  spectra  were  assigned  to  strongly  perturbed  confoimers  in  which  the  qumone  folds  over 
the  pi  system  of  the  porphyrin,  causing  strong  electronic  interaction  between  these  groups,  i.e.,  to 
the  formation  of  an  intramolecular  complex.  Such  complexed  donor/acceptor  conformations 
exhibited  lower  fluorescence  efficiency  and  perturbed  emission  spectra  compared  to  extended 
conformations  which  lack  this  intramolecular  complexation  (.12c). 

A  parallel  interpretation  of  our  data  would  suggest  that  conformational  folding  is  optimal  for 
n  =  4-6,  whereas  entropic  effects  become  dominant  for  longer  chains  (e.g.,  n  =  7)  and  steric 
inhibition  precludes  folding  for  n  =  1. 

Rate.s  of  Photnindiiced  Electron  Transfer  (21-23).  The  lower  fluorescence  quantum  yields 
observed  in  MPBnR  compared  to  MP  and  MPBn  are  predominantly  caused  by  electron  transfer.  A 
control  experiment  involving  a  soluble  porphyrin  and  a  separately  dispersed  Ru02  cluster  show 
that,  at  the  concentrations  of  this  experiment,  interaction  (adsorption  or  energy  transfer)  between 
the  porphyrin  of  one  MPBnR  ''c^'^ot  be  invoked  as  an  explanation  for  diminished  fluorescence 
emission  (22).  The  absence  of  low  energy  absorption  bands  in  the  Me2  bpy-RuC)2  clusters  argues 
against  a  highly  efficient  intramolecular  energy  transfer  mechanism  as  a  significant  route  for 
fluorescence  quenching  (21.22).  The  possibility  that  the  observed  fluorescence  quenching  is 
caused  by  enhanced  spin-orbital  coupling  mediated  by  the  heavy  effect  of  a  ruthenium  in  MPBnR  is 
rendered  unlikely  since  complexation  of  MPBn  to  Ruflh  leads  to  a  decrease  in  the  porphyrin  triplet 
yield,  but  the  triplet  lifetime  is  unaffected  (21-23).  We  conclude,  therefore,  that  electron  transfer 
from  the  excited  singlet  state  of  the  porphyrin  sensitizer  to  the  Ru02  moiety  in  these  composite 
clusters  constitutes  a  dominant  route  for  fluorescence  decay  of  the  photogenerated  excited  singlet 
state  at  least  in  the  non-complexed  conformations. 

If  so,  then  the  rate  constants  for  electron  transfer  can  be  determined  from  the  relative 
fluorescence  quantum  yields  of  the  comprosites  and  the  fluorescence  lifetimes  of  the  unbound 
porphyrins  MPBn-  As  shown  in  Tables  1  and  2,  both  the  relative  fluorescence  yields  and  these 
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rate  constants  depend  sensitively  on  the  spacer  length  separating  the  photosensitizer  from  the 
covalently-attached  metal  oxide  cluster.  Somewhat  slower  electron  transfer  rates  are  observed  for 
the  free  base  than  for  the  zinc  poiphyrin,  an  effect  which  can  be  assigned  by  differences  in  the 
excited  state  redox  potentials  in  the  two  substrates.  In  the  free  acid  porphyrin,  hole  transfer  (i.e., 
electron  transfer  from  Ru02  to  the  porphyrin)  is  assumed  to  be  the  dominant  relaxation  process, 
given  the  potential  measurements  discussed  earlier. 

Influence  of  Spacer  Length  on  Triplet  Lifetime  in  MPBnR  (23).  In  parallel  to  the  shortened  singlet 
lifetime  observed  as  described  above,  a  similar  decrease  in  the  triplet  yield  is  observed  (see  triplet 
yields  in  pyridine.  Table  2).  Two  transient  species  with  lifetimes  of  160  ns  and  280  ms, 
respectively,  are  observed  upon  flash  photolysis  of  MPBnR  (n  =  4-7).  Virtually  identical  transient 
absorption  spectra  are  observed  irrespective  of  solvent,  and  the  absorption  spectra  of  both 
transients  closely  resemble  that  of  the  triplet  of  the  uncomplexed  porphyrin  Q6).  The  length  of  the 
linking  chain  does  not  influence  the  lifetime,  1.^1  the  relative  contributions  of  the  short-  and  long- 
lived  components  are  affected.  With  n  =  4-6,  higher  amounts  of  the  short  lived  species  are 
observed,  compared  to  n  =  7  (a  species  which,  from  fluorescence  quenching  measurements,  we 
j  concluded  had  smaller  contributions  from  the  folded  conformers).  For  n  =  1 ,  where  most  likely  no 

folding  occurs,  only  a  single  long-lived  component  is  observed. 

The  observation  of  two  triplets  in  the  loosely  tethered  clusters  is  thought  to  derive  from  the 
conformational  inhomogeneity  within  MPBnR  consistent  with  their  absorption  and  fluorescence 
properties.  The  folded  confonner  which  display  a  Sorei  broadening  and  are  most  likely  non- 
fluorescent  also  correlate  with  a  faster  triplet  decay,  whereas  the  slower  component  of  triplet  decay 
is  assigned  to  the  extended,  non-perturbed  porphyrin  triplet  state.  The  substantial  decrease  in  the 
triplet  state  lifetime  in  the  folded  conformers  is  probably  better  explained  by  enhanced  intersystem 
crossing  caused  by  the  hea\7  atom  effect  of  ruthenium  than  by  electron  trasnfer  emanating  from  the 
triplet  state.  Enhanced  intersystem  crossing  most  likely  also  accounts  for  the  more  or  less  complete 
j  fluorescence  quenching  in  the  complexed  conformers. 
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Blocking  Conformarional  Folding  bv  Pvridine  Ligation  (23).  Axial  ligation  of  pyridine  to  the  core 
metal  in  cofacial  zinc  porphyrin  dimers  has  been  found  to  reverse  aggregation  and,  thus,  the 
magnitude  of  both  exciton  coupling  (i.e.,  broadened  spectral  bands)  and  fluorescence  quenching 
(32).  The  interference  with  agglomeration  of  such  porphyrins  was  mainly  attributed  to  a  steric 
effect,  i.e.,  the  blocking  of  the  pi  face  of  the  porphyrin  by  a  ligating  pyridine  solvent  molecule, 
thus  preventing  intermolecular  pi-pi  interaction  between  the  two  porphyrins  G2a).  Similar 
attachment  of  an  electron  donor  molecule  to  a  vacant  apical  coordination  site  in  zinc 
tetraphenylporphyrin  has  been  reported  to  affect  both  its  ground  state  absorption  (33-35)  and 
fluorescence  spectrum  (2©  and  to  cause  shifts  in  its  redox  potential  (37).  without  influencing  either 
the  fluorescence  quantum  yield  or  lifetime  (36).  Pyridine  does  not  quench  the  triplet  state  of  zinc 
tetraphenylporphyrin  (38). 

Both  the  absorption  and  fluorescence  spectra  of  MPBn  and  MPBnR  exhibit  bathochromic 
shifts  in  pyridine  (absorption  434,  568,  and  608  nm;  fluorescence  spectra  619  and  699  nm, 
respectively)  compared  to  the  same  bands  measured  in  a  p-xylene-n-pentanol  mixture  (430, 560, 
and  602  nm;  610  and  660  nm,  respectively).  For  ZnPBnR,  fluorescence  quenching  in  pyridine  is 
less  efficient  than  that  in  p-xylene,  n-pentanol.  Table  2.  In  contrast,  the  free  base  derivative 
H2PBnR  (where  no  pyridine  ligation  can  occur)  displays  nearly  identical  Soret  bandwidths,  as  well 
as  fluorescence  quantum  yields,  in  either  pyridine  or  in  xylene-pentanol  mixtures.  Thus,  the 
absence  of  spectral  broadening  and  the  increase  in  the  relative  fluorescence  quantum  yields  of 
ZnPBnR  in  pyridine  implicate  axial  ligation  of  pyridine  at  zinc  rather  than  dielectric  effects  on  its 
excited  state  properties.  In  parallel,  this  same  pyridine  ligation  significantly  diminishes  the 
contribution  observed  from  the  short-lived  triplet,  i.e.,  it  seems  to  prevent  the  Ru02  cluster  from 
folding  over  the  porphyrin  pi  chain  by  flexing  of  the  appended  alkyl  chain  (39). 

The  Soret  band-broadening,  the  increase  in  relative  fluorescence  quantum  yield,  and  the 
decrease  in  the  short-lived  triplet  component  similarly  depend  on  spacer  length,  with  most 
significant  effect  being  observed  where  n  =  4-6,  and  reduced  effects  prevailing  for  n  =  7.  This 
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result  suggests  that  a  much  smaller  fraction  of  the  complexed  conformers  exists  for  n  =  7  than  for  n 
=  4-6.  This  interpretation  finds  further  support  in  the  much  lower  fluorescence  quenching 
observed  for  ZnPBR  (n  =  1)  where  most  likely  no  folding  occurs  in  the  presence  and  absence  of 
pyridine.  However,  in  pyridine,  where  intramolecular  complexation  seems  to  be  minimal  for 
ZuPBnR,  both  the  porphyrin  fluorescence  intensity  and  triplet  yield  are  substantially  lower  than  for 
ZnPBn.  Thus,  an  additional  route,  most  likely  electron  transfer  from  the  porphyrin  excited  triplet 
state  to  Ru02,  must  account  for  the  fluorescence  quenching. 


Effect  of  Spacer  Length  on  Fluorescence  Lifetimes  in  ZnPBnR  (231.  Time-resolved  single  photon 
counting  can  be  used  to  measure  excited  singlet  state  lifetimes  of  ZnPBnR.  Comparison  of  the 
fluorescence  lifetimes  observed  in  p-xylene-n-pentanol  and  in  n-pyridine  would  allow  clear 
distinction  between  contributions  from  the  complexed  conformers  to  the  fluorescence  decay 
kinetics. 

In  MPBn,  single  exponential  fits  could  effectively  describe  the  observed  fluorescence  decay, 
but  in  the  presence  of  the  Ru02  cluster  (in  MPBnR),  more  complex  triple  exponential  fits  were 
required  giving  lifetimes  of  0.03-0.09  ns  (ti),  0.15-036  ns  (T2X  and  1.2- 1.3  ns  (xs)  with  rclarive 
amplitudes  of  0.6-0.9  (Ai),  0.1 -0.2  (A2),  and  0.02-0.2  (A3).  For  all  ZnPBpR,  the  fluorescence 
decay  is  dominated  by  the  short-lived  component,  but  the  relative  contributions  from  the  long-lived 
components  depend  on  the  length  of  the  bridging  chain.  As  the  chain  length  is  decreased,  the 
reladve  importance  of  the  short-lived  component  increases. 

The  observation  of  nearly  identical  fluorescence  lifetimes  and  relative  amplitudes  of  ZnPBnR 
in  these  two  solvents  indicates  that  negligible  fluorescence  derives  from  the  complexed 
conformers.  That  is  to  say,  in  the  complexed  conformers,  the  porphyrin  fluorescence  is 
completely  quenched.  The  multi-exponentiality  observed  in  the  flourescence  kinetics  derives 
entirely  from  the  non-complexed  (fluorescent)  conformers. 

The  multi-exponential  singlet  decay  kinetics  can  thus  be  best  explained  by  electron  transfer 
from  non-complexed  conformations  which  do  not  equilibrate  on  the  sub-nanosecond  timescale 
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Q2c).  Small  spatial  separation  between  the  absorptive  porphyrin  excited  state  and  the  RuC)2  cluster 
favors  rapid  forward  electron  transfer,  but  also  a  similar  acceleration  of  back  electron  transfer 
(15,40).  This  rapid  recombination  obviously  influences  our  ability  to  obsen'e  even  transient 
foimatioii  of  a  radical  cation  with  transient  absorption  spectroscopy,  the  expected  intermediate 
formed  in  these  redox  transformations. 

Photolysis  of  ZnPBR  in  the  Presence  of  a  Sacrificial  Electron  Acceptor  (22).  A  transient 
absorption  specLmm  for  ZnPBR  recorded  in  the  presence  of  persulfate  (as  a  sacrifical  electron 
acceptor)  in  a  cationic  rnicroemulsion  is  shown  as  Figure  3.  WTien  observed  7  ms  after  the  initial 
excitation,  the  transient  spectrum,  which  is  identical  to  that  expected  for  a  porphyrin  radical  cation, 
does  not  decay  over  a  period  of  at  least  1  ms.  This  transient  cannot  derive  from  thermal  oxidation 

i  I 

of  the  porphyrin  by  persulfate,  since  the  ground  state  absorption  spectrum  does  not  permanently  % 

change.  Similar  evidence  for  the  formation  of  a  porphyrin  radical  cation  in  the  presence  of  | 

persulfate  is  also  observed  for  ZnPBR  but  to  a  smaller  conversion  (only  about  30%  of  the  intensity 

observed  is  ZnPBR)  (22 ).  j 

Likewise,  laser  excitation  of  ZnPBR  in  an  anionic  rnicroemulsion  in  the  presence  of  protons 

i 

I 

similarly  generates  a  porphyrin  cation  radical  (22).  Thus,  protons  apparently  are  capable  of  acting  * 

as  effective  electronic  acceptors  (in  a  parallel  role  with  that  shown  with  persulfate),  involving 
ultimately  the  probable  formation  of  molecular  hydrogen. 

Conclu!;ions 

Metal  oxide-sensitizer  composites  with  an  average  RuCb  cluster  size  of  21  +  7  A  can  be 
prepared  by  covalently  attaching  bipyridine  units,  which  are  Jinked  through  an  alkyl  chain  to  a 
meso-tris(octyloxyphcnyl)porphyiins,  to  RuC)2  cluster.  The  steady  state  fluorescence  intensity  of 
the  resulting  composite  is  decreased  compared  to  that  of  the  non-complexed  porphyrin.  The 
magnitude  of  the  fluorescence  quenching  depends  on  the  flexible  spacer  length  between  the 
sensitizer  and  the  metal  oxide  cluster. 

2^'  ^  "2. 
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The  Soret  broadening  and  observadon  of  two  distinct  triplets  of  disparate  liferimes  in  MPBnR 
suggest  the  involvement  of  two  distinct  families  of  conformers:  (1)  complexed  conformers  in 
which  folding  of  the  RuOi  moiety  over  the  prophyrin  macrocycle  leads  to  intramolecular 
complexation  berA’cen  the  tv/o  chromophores  of  the  alkyl  chain  places  the  RuCb  moiety  spadally  in 
an  apical  position  over  the  porphyrin  pi  system;  and  (2)  one  more  extended  (non-complexed) 
conformer.  The  complexed  conformers  are  not  fluorescent,  but  do  exhibit  broadened  absorption 
spectra  and  reduced  triplet  lifetimes  compared  to  the  non-ccmplexed  confonners.  When  the  metal 
oxide  cluster  is  spadally  close  to  the  llrst  sensitizer,  electronic  interaction  between  the  porph>Tm 
and  the  redox  catalyst  via  spin-orbital  coupling  leads  to  a  substantial  decrease  in  the  observed 
poiphvTin  triplet  lifetime.  Absorption  spectra,  fluorescence  quenching,  and  triplet  decay  kinetics 
indicate  that  the  distribution  jf  conformers  between  these  nvo  families  depends  sensitively  on  the 
length  of  the  flexible  linkage. 

Ring  size  effects  are  consistent  with  a  predominance  of  folded  conformers  with  alkyl  chains 
containing  four  to  six  carbons,  wtith  smaller  fractions  of  folded  confonners  being  attained  for  alkyl 
4  chains  contairiing  1  or  7  methylene  units. 

Solvent  coordination  by  pyridine  blocks  the  apical  site  of  the  porphyrin,  coirespondingly 
reducing  the  contribution  of  complexed  conformers  as  the  solvent  wins  in  the  competition  (with  the 
metal  oxide  clusters)  for  this  preferred  complexation  site.  In  pyridine  therefore,  absorption  spectra 
are  unaltered  by  the  presence  or  absence  of  a  covalently  attached  metal  oxide  cluster,  and  higher 
relative  fluorescence  quantum  rields  and  a  smaller  fraction  of  the  fast  decaying  porphyrin  triplet  are 
observed.  With  ZnPBnR  in  pyridine,  however,  the  fluorescence  intensity,  triplet  yield,  and  the 
singlet  lifetime  are  still  substantially  shonened  relative  to  the  unbound  solvent-ligated  porphyrin 
whereas  the  triplet  lifetime  is  unaffected.  This  suggests  that  in  the  non-complexed  conformers  a 
major  decay  process  operative  from  the  singlet  state  may  be  phoioindut^  electron  transfer. 

A  lower  fluorescence  intensity  is  observed  in  H^^+PBnR  than  in  the  free  acid  porphyrin 
itself.  By  analogy,  this  spectral  perturbation  of  its  excited  state  phoiophysics  is  likely  to  be 
;  attributable  to  hole  transfer,  in  which  an  electron  shifts  from  the  metal  oxide  to  the  diacid 
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porphyrin,  as  would  be  suggested  by  the  relative  redox  potential  of  the  free  acid  in  previously 
described  models.  In  the  complexed,  non-fluorescent  confom.ers  very  fast  intersystem  crossing 
(rather  than  electron  transfer)  is  probably  the  dominant  decay  pathway. 

Thus,  in  MPBnR  electron  transfer  can  occur  either  by  direct  interaction  between  the 
porphyrin  and  metal  oxide  in  a  non-complexed  conformer  which  brings  these  two  moieties  to 
within  direct  spatial  interacdon  distance,  or,  with  lowered  facility,  by  through-bond  interaction 
along  the  alkyl  linking  chain.  The  observation  of  relatively  small  changes  in  singlet  lifetimes  upon 
changuig  the  length  of  the  interconnecting  alkyl  Ciiain  supports  tlie  possibility  that  electron  transfer 
occurs  at  least  partia’ly  through  space. 
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Table  1.  Soret  Bandwidth  (FWHM),  Relative  Fluorescence  Quantum  Yields  of  MPBn 
Coordinated  to  Either  RuCls  or  RuC)2  (MPBnR),  and  Calculated  Intramolecular 
Electron  Transfer  Rate  Constants  (kei)  in  Tetrahydrofuran. 


RuCls^  Ru02^ 


M 

n 

FWHM^  (nm) 

<I)f/<p|0c4 

FWHM^(nm) 

ket^^’^x  10-9  (s-i) 

2H 

1 

13 

0.05 

14 

0.05 

1.9 

2H 

4 

13 

0.20 

17 

0.07 

1.3 

2H 

5 

13 

0.25 

17 

0.11 

0.79 

2H 

6 

13 

0.30 

16 

0.15 

0.56 

2H 

7 

13 

0.35 

14 

0.30 

0.23 

4H2+ 

1 

1 

16 

0.09 

17 

0.09 

4.8 

4H2+ 

4 

16 

0.29 

20 

0.17 

2.3 

4H2+ 

5 

16 

0.37 

20 

0.23 

1.6 

4H2+ 

6 

16 

0.42 

19 

0.30 

1.1 

4H2+ 

7 

16 

0.48 

17 

0.44 

0.61 

2  PorphjTin-to-ruthenium  ratio,  cru/cp  =1:3 

^  Full  width  at  half  height  of  the  maximum  absorption  of  the  Soret  band: 

F\\™(H2PBn)  =  13  nm;  FWHM(ZnPBn)  =  11  nm;  FWHMCHa^+PBn)  =  16  nm,  all 
independent  of  solvent 

^  Fluorescence  quantum  yield  of  ruthenium-coordinated  MPBn  (<bf)  relative  to  the 
fluorescence  quantum  yield  of  uncomplexed  MPBn  (^f^) 

^  Complexed  to  RuCl3 
®  Complexed  to  Ru02 

f  kei  was  calculated  from  the  relative  fluorescence  quantum  yields  of  MPBnR  and  the 
experimental  fluorescence  lifetime  of  MPBn,  assuming  a  single  conformation 
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Scheme  2 


Fig.l.  Cyclic  voltammogram  of  Me2bpy-Ru02  in  IM  H2SO4:  the  dashed  line  shows  the 
background.  Scan  rate;  100  mV/s,  potential  vs.  SCE.  The  electrode  was  a  vitreous  carbon  disk; 
anodic  currents  are  plotted  up. 


Fig. 2.  Relative  fluorescence  quantum  yield  of  H2PB5  in  THE  as  a  function  of  the 

molar  ratio  of  ruthenium  to  porphymin  (cru/cp):  RuCb;  RUO2;  Ru02  (hydrolysis  under 
dilute  conditions ;  dilution  by  a  factor  of  100).  Inset:  Absorption  spectra  (Soret  region)  of  H2PB5, 
complexed  to  RuCls  (  )  and  Ru02  ( — );  CRu/cp  =  3:1.  The  RuCls-coordinated  species  shows 

the  same  absorption  spectrum  (Soret  region)  as  the  uncomplexed  porphyrin  H2PB5- 

Fig.3.  Transient  absorption  spectrum  of  the  porphyrin  radical  cation  obtained  for  ZnPBR  in 
the  anionic  microemulsion  with  persulfate  as  electron  acceptor.  The  spectrum  was  recorded  in  air- 
saturated  solution  7  ps  after  excitation  at  532  nm.  Inset:  transient  absorption  spectrum  observed 
for  ZnPBR  in  the  anionic  microemulsion  in  the  presence  of  protons  7  |is  after  excitation. 
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Abstract 

The  kinetics  of  the  oxidation  of  water  by  Rufbpyls^’*  ions,  mediated  by 
RuO-.  are  studied.  In  ail  cases  the  rate  was  found  to  be  independent 

of  i  ?.u(bpy)^'*3 .  Over  the  pH  range  3-5  the  initial  rate  is  largely 
independent  of  pH  and  the  kinetics  of  Ru(bpy);,®*'  reduction  are  first  order 
with  respect  to  t  Ru(bpy);3=''5  and  [  RuOa.  vH^O*! ,  wiin  an  activation  energy  of 
20  I  1  kJ  mol"’.  At  pK  values  below  3  the  initial  rate  of  reaction 
decreases  with  decreasi.ng  pH  and  the  kinetics  appear  to  be  1.5  order  with 
respect  to  [RuCopylg^']  although  first  order  with  respect  to  I  RuC^. /fiaC-*; 
and  wi^n  an  activation  energy  of  34  :  *  kJ  mol"’.  An  electrochemical  model 
of  redox  catalysis,  in  which  the  reduction  of  RufbpyOs^"  and  the 
concumitant  oxidation  of  water  to  Cu  are  considered  as  two  electrochemical 
f. reversible  processes  coupled  together  via  the  redox  catalyst,  is  used  to 
ir.teroret  the  results. 


Introduction 

There  are  many  redox  reactions  of  the  type: 

n-,  Oxa  +  jjjiRed,  - >  n^Rec-  t  n^Ox,  U) 

which,  although  thermodynamically  feasible,  do  not  proceed  at  a  discernible 
rate  under  ambient  conditions  ill.  For  examole,  in  the  oxidation  of  water 
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to  oxygen  by  a  suitably  strong  oxidising  agent,  Ox,  i.  e. 

40x  +  2H:20  - >  4.Red  i  4H"-  +  Oj,  (2) 

(where  Ox  =  Ru(bpy)3=‘'*,  MnOa“  or  Ce-*^  ions  for  e>  ample)  reaction  (2)  does 
not  usually  proceed.  Lack  of  reaction  in  (2)  has  the  advantage  that 
aqueous  acidic  solutions  of  the  oxidants  named  above  are  stable  over  long 
periods  of  time  and,  in  the  case  .of  MnO^“  and  ions,  this  attractive 

feature,  amongst  others,  nas  led  to  their  widespread  use  in  aqueous  redox 
analytical  chemistry  [23. 

In  other  situations,  however,  the  lack  of  reaction  in  a 
thermodynamically  feasible  reaction  can  be  an  undesirable  feature.  For 
example,  a  great  deal  of  solar  energy  research  has  been  directed  towards 
the  development  of  an  efficient  photosystem  for  the  cleavage  ' "  ter  (33. 
In  such  a  system  reaction  (2)  must  occur  at  some  stage  using  an  oxidising 
agent,  i. e.  Ox,  which  has  been  photogenerated  directly  or  indirectly. 

Thus,  the  recognised  improbability  of  reaction  (2)  occuriiig  in  homogeneous 
solution  for  most  oxidants  poses  a  major  problem  to  the  development  of  an 
overall  water-splitting  photochemical  system  [4,53. 

It  is  possible  to  facilitate  many  of  the  redox  reactions  described  by 
reaction  (1)  through  the  use  of  a  redox  catalyst  [1,63.  Research  carried 
out  by  our  group  has  shown  that  r-eaction  (2),  with  Ox  =  Ce^*^  ions,  is 
mediated  by  a  partially  dehydrated  form  of  ruthenium  dioxide  hydrate  (%H;jO 
ca.  10%),  vmich  we  have  called  'thermally  activated  ruthenium  dioxide 
hydrate',  or  RuO^.  >4120*'  3  or  short  [73.  RuOa.  >4420*  is  prepared  by  annealing 
highly  hydrated  ruthenium  dioxide  hydrate  (the  usual  form  of  this  oxide 
hydrate  availaole  conimercially;  %H20  }  24%)  in  air  (or  nitrogen  for  that 
matter)  for  5h  at  144'C. 

The  results  of  a  detailed  study  of  the  kinetics  of  reaction  (2), 
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mediated  by  RuO^.  with  Ox  =  Ce^'^  ions,  were  interpreted  using  an 

electrochemical  model  in  which  the  redox  catalyst  particles  were  considered 
to  act  as  microelectrodes  mediating  electron  transfer  between  a  Nernstian 
reduction  reaction  (Ce^'^  — >  Ce^^^>  and  an  irreversible  oxidation  reaction 
(H;20  — >  2H*  +  (81. 

One  of  the  most  popular  photosensitisers  todate  used  in  solar  energy 
to  chemical  energy  conversion  systems,  including  both  sacrificial  and 
'true'  water-splitting  photosystems  in  which  0^  is  evolved,  is  Rutbpyls"" 
and  simple  derivatives  thereof  [93.  In  its  use  as  a  photosensi t iser  for 
water  splitting  invariably  the  oxidised  form  of  RuCbpy)^^"'',  i,  e. 

Ru(bpy)3="*,  is  the  species  Ox  in  reaction  (2)  and  the  Oa  catalyst  is  either 
heterogeneous,  such  as  RuOa  or  IrO^,  or  homogeneous,  such  as  Co(il)  ions  or 
certain  Pu  oxo-bridged  dimers. 

Despite  the  widespread  use  of  Rutbpy)^^'''  as  the  oxidant  in  the  redox- 
catalysed  reaction  (2),  thei-e  have  been  few  studies  of  the  kinetics  of  this 
reaction.  In  this  paper  we  report  the  results  of  a  detailed  study  of  the 
kinetics  of  reaction  (2),  where  Ox  =  Rutbpy)^®''^,  mediated  by  RuO^.  yHaO". 

Experimental 

Materials 

The  oxygen  catalyst,  RuOa^yHaQ^,  was  prepared  from  highly  hydrated 
ruthenium  dioxide  hydrate  obtained  from  Johnson  Matthey.  The  Rutfapyla^"* 
was  purchased  as  its  hydrated  chloride  salt  from  Strem.  .^11  other 
chemicals  were  obtained  from  BDH  in  AnalaR  form.  All-  water  used  in  the 
preparation  of  solutions  was  doubly  distilled  and  deionised. 
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Methods 


The  experimental  system  used  to  monitor  the  reduction  of  the  oxidant,  Ox, 
and  concomitant  evolution  of  0;j,  as  a  function  of  time  is  illustrated  in 
fig.  1.  The  reaction  vessel  comprised  a  thermostated  quartz  cell  <30  ± 

0. 05'C)  with  an  oxygen  membrane  polarographic  detector  (O2-MPD) 
incorporated  into  its  base.  A  potentiostat  was  used  to  polarise  the  Pt 
working  electrode  of  the  O^-MPD  at  -0.8  V  vs.  the  Ag/AgCl  counter 
electrode.  Under  these  conditions  the  current  which  flows  between  the  two 
electrodes  is  proportional  to  the  concentration  of  dissolved  oxygen  in  the 
liquid  phase  in  the  reaction  vessel.  The  potentiostat  converts  this 
current  Into  a  voltage  which  is  then  monitored  continuously  via  an  x/t 
chart  recorder  (Servogore  model  210). 

Each  RuCbpy)^-®'*'  stock  solution  used  (typically  2.  3lxi0“-  mol  dm"-", 
with  suffcient  H^SO^  so  that  the  solution  pH  was  0.45)  was  made  up  from  a 
Rufbpyla^-  solution  of  the  same  concentration,  using  PbO^  as  the  oxidant. 
PbOa-free  aliquats  of  the  stock  solution,  for  use  in  the  kinetic  study, 
were  obtained  through  use  of  a  syringe  fitted  with  an  in-line  0.2  pm 
membrane  filter  (Schleicher  and  Schllell).  The  kinetics  of  Rufbpy)^^” 
reduction  were  monitored  spectrophotometrically  via  the  disappearance  of 
its  absorption  band  at  675  nm  (s (Ru(bpy)3^"^)e76  =  440  mol~’  dra"^  cm~’).  The 
concentration  of  catalyst  dispersion  was,  typically,  77  pg  cm"-^  made  up  in 
an  (acetic  acid  +  acetate)  buffer  concentration  with  an  overall 
concentration  of  0.025  mol  dm"^,  the  desired  pH  of  the  final  solution,  i.  e. 
after  mixing  with  the  injected  Rutbpyla^'*'  solution,  determined  the  ratio  of 
acetic  acid  to  acetate  in  the  initial  catalyst  dispersion.  The  observed 
kinetics  of  Ru<bpy)3'-*  reduction,  with  or  without  catalyst,  were  largely 
the  same  if  no  buffer  was  present  and  the  solution  pH  was  adjusted  to  the 
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desired  pH  using  strong  solutions  of  H^SO^  or  NaOH. 

In  a  typical  experiment  65  cm^  of  a  catalyst  dispersion  were  placed  in 
the  reaction  vessel  and  nitrogen  purged  for  20  min.  The  kinetic  run  was 
started  by  injecting,  through  the  rubber  septum,  a  small  volume  (typically 
1.0  cm®)  of  the  oxidant  stock  solution  using  a  gas-tight  syringe. 
Spectrophotometric  monitoring  of  the  oxidant  concentration  was  achieved 
using  using  the  optical  system  illustrated  in  fig.  1,  i.e.  light  source, 
monochromator,  amplifier  and  microcomputer;  cell  path  length  3.2  cm.  The 
absorbance  vs.  time  profile  was  recorded,  stored  and  subsequently  analysed 
using  ar,  Achimedes  BBC  microcomputer.  The  concentration  cf  dissolved  0;;  in 
the  reaction  vessel  was  monitored  as  a  function  '  ^  time  using  the  O^-MPD. 

The  electrochemical  model  of  redox  catalysis 
In  the  catalysis  of  many  redox  reactions  of  the  type  identified  by  reaction 
(1),  It  has  been  found  that  the  observed  kinetics  are  readily  rationalised 
in  terms  of  an  electrochemical  model  of  redox  catalysis  in  wnich  the  redox 
catalyst  acts  simply  to  provide  a  medium  through  which  electron  transfer 
from  the  one  redox  couple  to  the  other  can  take  place  [1,5,61.  Provided 
the  two  redox  couples  act  independently  of  each  other,  the  electrochemical 
model  of  redox  catalysis  allows  for  the  prediction  of  the  kinetics  of 
reaction  (i)  from  the  current-voltage  curves  for  the  two  contributing 
couples  (the  Wagner-Traud  Additivity  Principle). 

In  the  electrochemical  model,  at  any  time  t  during  the  course  of 
catalysis  the  redox  catalyst  adopts  a  mixture  potential,  h,,  at  which 

the  cathodic  current,  ic,.t»  due  to  the  reduction  of  Ox^  is  exactly  balanced 
by  the  anodic  current,  i«,  .t,  due  to  the  oxidation  of  Red,.  .Although  the 
net  current  is  zero,  tne  numerical  magnitude  of  each  component  current  is 
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'If  samt?  ana  is  ca*-9d  --  mixture  current,  -ti  where 

t.  =  i«,  t  =  -io,  t  <3) 

:■  _ur  St jdy  of  the  catalysrs  of  the  redox  reaction  <2),  with  Ox^  = 

Ri,  "■  by  particles  of  _yHaO*  dispersed  in  solution,  the  particles 

C6-  t‘  L-:.-,  Isajted  as  acting  as  a  collection  of  micro-electrodes. 

cu-' ent-voi  ..age  curve  for  the  oxidation  of  Red,  to  Ox,,  where  Red, 

=  H-0  ar.r  =  u^,  Is,  for  most  materials  including  Ru0;2,  adequately 
describee  c\  'a''ei-type  equation,  i.  e. 

i«  io,  expfa,  Fr|, /RT)  (4) 

where  a,  is  tne  tra:.3!er  coefficient  and  q,  is  the  overpotential.  The 
overpotentia*  is  giver,  by 

~  ~  Ei,  (5) 

where  E,  is  the  equilibrium  potential  for  the  Ox, /Red,  couple. 

The  stcu  hi.-metr:.  electrode  process  of  any  given  redox  couple  can  be 
written  as. 

v^S.  +  v^St,  +  ...  +  VjSj  +  ne~  =  0  (6) 

where  S_.  represents  i.re  formula  of  species  j  and  where  the  stoichiometric 
coefficient-,  v  ^  e  „osnive  for  oxidants  and  negative  for  reductants.  In 
the  pre'^ense  c-"  an  excess  of  inert  supporting  electrolyte  the  corresponding 
Nernst  equation  ‘"or  the  equilibrium  potential,  E,  is  then: 

£  =  £'=>■}■  (RT/nF)EVjln(Cj)  (7) 

in  tne  corcomiia"'  reduction  of  OXa  to  Red^  it  is  possible  that  the 
reduction  is  irreversi ble  for  the  case  when  Ox^  =  Rufbpylg®"^  and,  as  a 
result,  me  cu'-rent-voitage  curve  of  interest  is  given  by  a  Tafel-type 
expression. 

ic  =  ioafixp'  ^^Friz/RT)  (8) 

The  exchange  '  rrem  densities,  io»  and  ioz,  sre  given  by  the  following  two 


respective  expressions: 

InCioi ) 


ln(iooi>  +  +  a,  V, /n,  )lnC  Red,  ] 


(9) 


InCio^)  =  ln{ioo2>  +  <63  “  V2//J2)ln[ Red^]  (10) 

where  6,  and  are,  respectively,  the  electrochemical  reaction  orders  of 
Red,  and  Oxa  in  the  anodic  and  cathodic  processes  occuring  on  the  surface 
of  the  redox  catalyst.  The  terms  iooi  and  iooa  are  the  standard  exchange 
current  densities  for  the  couples  Ox, /Red,  and  Ox^/Red^,  respectively. 

Fig.  2(a)  provides  a  schematic  illustration  of  the  current-voltage 
curves  when  the  two  couples  in  reaction  (1)  are  highly  irreversible  and 
coupled  together  by  a  redox  catalyst.  Spiro  has  considered  this  particular 
electrochemical  model  of  redox  catalysis  £10]  and  shown  that  the  mixture 
current  at  any  time  t  during  the  reaction  will  be  given  by: 

^  =  ioo/'-- ^Red, ]""'-.  tOxa]"-^"’.  exp(a2r,F(E2>='  -  E,'=‘)/RT)  (11) 

where  r,  and  r^  are  as  follows: 

r,  =  a, /(a,  +  a^);  r^  =  03/(0,  +  03)  (12) 

In  the  case  of  reaction  (2),  eqn  (11)  reduces  to: 

ioos’"- [0x3]''=’'’.exp{a3r,F(E3‘"  "  Ei®)/RT}  (13) 

From  eqn  (13)  it  can  be  seen  that  one  of  the  interesting  features  of  this 
particular  electrochemical  model  of  a  redox  catalysed  reaction  is  that  when 
the  mixture  current  lies  in  the  Tafel  regions  of  both  couples  current- 
voltage  curves,  the  concentrations  of  products  play  no  role  in  the  forward 
kinetics.  Such  kinetics  are  very  different  to  those  observed  for  reaction 
(2)  mediated  by  RUO2.  yHaO’'  using  Ce^'^  ions  as  the  oxidant  in  0.5  mol  dm“^ 
H2SO*.  In  this  latter  case  Ce^^^  ions  had  a  marked  Inhibitory  effect  on 
the  rate  of  Ce*''  reduction  and,  as  noted  earlier,  the  kinetics  were 
interpreted  in  terms  of  an  electrochemical  model  in  which  the  current- 
voltage  curve  for  the  Ce^'^/Ce^*^  couple  was  that  for  a  Nernstian  reaction 
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and  the  curront-vol tage  curve  for  the  oxidation  of  water  obeyed  a  Tafei- 
type  equation. 


If  the  overpotential  for  the  Ox^/Red^  couple  is  made  sufficiently 
large  the  current-voltage  curve  will  level  out  and  the  cathodic  current 
arising  from  the  reduction  of  Ox^  at  the  microelectrode  particles  will 
attain  a  limiting,  diffusion-controlled  value,  ic,  n  where: 

=  -i,,i  =  n^FDLOxsl/Cv^S)  (14) 

where  D  is  the  trace  diffusion  constant  of  Ox^  in  the  reaction  medium  and  6 
is  the  thickness  of  the  diffusion  layer;  the  latter  parameter  depends  upon 
the  hydrodynamic  conditions  within  the  reaction  cell  and,  in  our  work, 
these  are  fixed  through  the  use  of  a  constant  stirring  rate.  Fig.  2(b) 
provides  a  schematic  illustration  of  the  current-voltage  curves  for  this 
particular  example  of  redox  catalysis. 

For  any  kinetic  run  a  [0x^.3  vs.  time  decay  trace  is  generated  and  the 
rate  of  reduction  of  OXa  at  any  time  t  is  r(t),  where  r(t)  =  -dOXa/dt,  and 
this  term  is  related  directly  to  i„ix, ^  by  the  expression: 

r(t)  =  l.„.x.^/F  (15) 

In  the  electrochemical  model  of  redox  catalysis,  if  the  kinetics  of 
reaction  (1),  or  (2),  are  controlled  by  the  rate  of  diffusion  of  the 
oxidant  OXa  to  the  surface  of  the  redox  catalyst  then  the  rate  at  any  time 
t  will  be  given  by: 

r(t)  =  k,t0xa3  (16) 

where  k,  is  the  first  crder  rate  constant.  If  the  kinetics  of  Oxa 
reduction  are  diffusion-controlled  the  gradient  of  a  first  order  plot  of 
the  data  from  a  kinetic  run,  i.  e.  InlOxal  vc.  time,  is  =  -k,  and 
equivalent  to  nj^FD/  (v^S), 
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Results 


The  Ru(bpy)  j^'^/RuCbpy).^-^'^  couple  has  a  formal  redox  potential  of  1.26  V  I'S. 
NHE  in  aqueous  solution  and  thus  the  oxidation  of  water  by  Ru(bpy)3^'^ 

4Ru(bpy)3-'"^  +  2H^0  - >  4Ru(bpy  +  4H’'  +  O2  (17) 

is  thermodynamically  feasible  even  at  pH  0  and  becomes  increasingly 
feasible  as  the  pH  is  increased.  However,  in  practice,  aqueous  solutions 
of  RuCbpyl^^^"^  at  pH  0  to  1  are  kinetically  stable  (i.  e.  reaction  (17)  does 
not  proceed  at  a  measurable  rate)  in  the  absence  of  a  redox  catalyst  and 
this  allows  for  the  preparation  and  handling  of  Ru(bpy)3®*  stock  solutions, 
such  as  the  ones  used  in  our  kinetic  study. 

In  a  first  set  of  experiments,  the  initial  rate  of  Ru(bpy)3-^’* 
reduction  (t  Rutbpyls®"^]  .t-o  =  3.  55x10“'“  mol  dm“®),  in  the  absence  and 
presence  of  RuOa.  (77  pg  cm“®),  was  monitored  as  a  function  of  pH 

(varied  by  altering  the  acetic  acid/acetate  ratio,  with  [acetic  acid  + 
acetate]  =  0.025  mol  dm"-')  over  the  range  pH  0.5  to  pH  ca.  5.  5;  the  results 
of  this  work  are  illustrated  in  fig.  3<a)  by  curves  (i)  and  (ii), 
respectively. 

In  a  second  set  of  experiments,  using  identical  reaction  conditions  as 
above  and  in  the  presence  of  RuO^.  yH^O*,  the  overall  yields  (i.  e.  at 
the  end  of  reaction)  were  determined  as  a  function  of  pH  and  the  results 
are  illustrated  in  fig.  3(b).  In  this  latter  work,  in  all  cases  the 
kinetics  of  0^  generation  were  that  of  Ru(bpy)3*'“  reduction.  It  was 
further  observed  that  at_  all  pH' s  the  kinetics  of  Ru(bpv).^=^'^  reduction  were 
unaf f ected  bv  the  initial  concentration  of  Ru(bpv).r.^“  present  even  when 
using  I  Ru (bpy).>-^~~''] '  s  upto  ten  times  that  of  the  initial  [  Rutbpv).^^'"] . 

From  the  data  illustrated  in  fig.  3,  curve  (b),  it  appears  that  at  pH 
values  from  ca.  3  to  5  the  kinetics  of  reaction  (17)  are  largely  pH 
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independent  and  rapid;  above  pH  5  the  homogeneous  reduction  of  Ru(bpy)3-^'^ 


to  Ru(bpy)3^*^,  via  the  hydroxide-  or  water-initiated  oxidative  degradation 
of  a  small  fraction  of  the  Rutbpylg^"^  present,  becomes  increasingly 
important  with  increasing  pH.  From  the  same  results  it  also  appears  that 
as  the  pH  of  the  reaction  mixture  is  decreased  from  pH  3  to  pH  0.5,  the 
kinetics  of  reaction  <17)  are  slowed  down  markedly,  even  though  the 
yield  remains  quite  high  (see  fig.  3(b)).  As  a  result  of  this  observation, 
the  kinetics  of  reaction  (17),  mediated  by  RuO^.  yH-d*,  were  studied  in 
detail  at  two  different  pH's,  i.  e.  pH  3.9  and  pH  2,  chosen  to  correspond  to 
the  apparent  two  different  types  of  kinetics. 

Fig.  4(a)  illustrates  the  change  in  absorbance  spectrum  due  to 
Rufbpylg'^"'  (3.  55xlO“*  mol  dm"®)  as  a  function  of  time  for  a  typical  kinetic 
run  carried  out  at  pH  3.9  after  mixing  with  a  RuO^.  yH^O*  catalyst 
dispersion  (final  concentration  =  77  mg  cm"®).  For  the  same  kinetic  run, 
fig.  4(b)  illustrates  the  variation  of  absorbance  due  to  Rutbpyls®""  = 

675  nm,  e  (Ru(bpy)3®")e-76  =  4-40  mol-’  dm®)  cm"’)  and  overall  yield  as  a 
function  of  time.  A  first  order  analaysis  of  the  absorbance-time  ri^+a 
contained  in  fig.  4(b)  gives  a  good  straight  line,  illustrated  in  fig. 

4(c),  indicating  that  the  kinetics  of  reaction  (17)  are  first-order  with 
respect  to  [ Ru (bpy)3®"]  at  pH  3.9. 

Using  a  pH  of  3.9,  an  initial  [ Ru(bpy)3®’']  =  3.  mol  dm"®  and  a 

reaction  temperature  of  30*C  the  kinetics  of  reaction  (17)  mediated  by 
RuO^.  yH^d*-  were  studied  as  a  function  of  [RuO^.  xH^Ol  over  the  range  0  -  154 
pg  cm"®.  In  all  cases  the  kinetics  were  found  to  be  good  first-order  (i. e. 
r  >  0.9990,  over  at  least  2  half-lives);  the  resultant  plot  of  the  first 
order  rate  constant  k,  vs.  [RuOa.  xHaOl  is  illustrated  in  fig.  5. 

Under  the  same  conditions  of  pH  and  initial  [ Ru(bpy)3®"J ,  the 
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variation  of  k,  for  reaction  (17)  mediated  by  RuO^.  was  determined  as 

a  function  of  temperature  over  the  range  5'C  to  50*C  and  fig.  6  illustrates 
the  subsequent  Arrhenius  plot  of  the  results,  from  the  gradient  of  which  an 
activation  energy  of  20  ±  1  kJ  mol~'  was  calculated. 

When  reaction  (17)  was  carried  out  at  pH  2,  the  kinetics  of  Ru{bpy)3~^- 
([  Ru(bpy at  t=0  =  3.  55x10"'*  mol  dm"^)  were  found  not  only  to  be  slower 
but  also  more  complex  than  those  found  at  pH  3.9.  From  the  derivative  of  a 
typical  Rutbpylg-^"  absorbance  vs.  time  profile  at  pH  2  it  appears  that  the 
rate  of  RuCbpylg^"  reduction  depends  directly  upon  [ RuCopyls^") where  y 
ca.  1.6.  Thus,  although  the  reduction  of  Ku(bpy)3^’''  via  reaction  (17)  at 
pH  2  gives  quite  a  good  fit  to  second-order  kinetics,  a  better  fit  is 
obtained  using  a  y  value  in  of  ca.  1.  6.  In  two  subsequent  pieces  of  work 
the  kinetics  of  Rutbpylg®"  reduction  in  reaction  (17),  mediated  by 
RuOa.  at  pH  2  were  studied  both  as  a  function  of  t  PuOa.  (0  to 

300  pg  cm“®)  and  temperature  (5  to  60*0,  respectively;  the  results  of  the 
analysis  of  the  results  of  this  work  are  discussed  in  detail  in  the 
Discussion  section. 


Discussion 

The  few  reports  [11-141  which  provide  some  description  of  the  kinetics  of 
reaction  (17)  mediated  by  a  heterogeneous  catalyst  such  as  RuOa,  are  listed 
in  table  1.  The  results  illustrated  in  fig.  3(a)  for  the  pH  range  0. 5  - 
5. 5  and  in  the  absence  of  a  0^  cacalyst,  appear  in  broad  agreement  with  the 
findings  of  others  [14,151,  i.  e.  (i)  no  O2  evolution  over  the  entire  pH 
range  studied  and  (li)  above  pH  5,  Rufbpy),,®''  reduction  increasing  rapidly 
with  increasing  pH  (due  to  the  previously  mentioned  homogeneous  reduction 
of  Ru(bpy)3®"  to  Rufbpyla^"*,  via  a  hydroxide-  or  water-initiated  oxidative 
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degradation  of  a  small  fraction  of  the  Ru<bpy)3^'^  present. 

The  observed  variation  in  /iO^  yield,  arising  from  reaction  (17)  using 
RuO^.  yrUO’^  as  the  redox  catalyst,  as  a  function  of  pH  is  Illustrated  in 
fig.  3(b)  and  shows  that  although  the  yield  remains  high  (i.  e.  >  50%) 
over  the  pH  range  studied,  it  peaks  at  ca.  pH  4.  The  decrease  in  yield 
with  both  increasing  and  decreasing  pH  from  pH  4  is  most  likely  due  to 
competing,  possibly  redox-catalysed,  acid  and  base  catalysed  oxidative 
degradation  reactions  involving  Rutbpyia®"^.  The  results  of  this  work  are 
supported  by  the  findings  of  others  116-18). 

The  reports  on  the  variation  in  the  kinetics  of  reaction  (1)  mediated 
by  a  heterogeneous  0^  catalyst  as  a  function  of  pH  are  disparate.  For 
example,  Minero  and  his  co-workcrs,  using  an  RuO-,  colloid,  supported  by 
polybrene,  report  that  the  kinetics  are  'not  simply  first  order'; 
interestlingly,  however,  their  reported  trend  in  initial  rate  as  a  function 
of  pH  is  not  dissimilar  to  that  illustrated  in  fig.  3(a),  i.  e.  decreasing 
rate  with  decreasing  pH  below  pH  3,  and,  approximately,  pH  independent 
kinetics  over  the  pH  range  3-5.  However,  in  the  same  paper,  Minero  et  al. 
also  indicate  that  the  kinetics  of  reaction  (17)  mediated  by  a  TiO^/RuOa 
colloid  are  simple  first  order  and  pH  independent  over  the  range  pH  1  to  pH 
6  [ID.  A  similar  trend,  with  much  lower  rates  (70-80  fold  less)  was  also 
observed  by  these  workers  in  the  absence  of  a  redox  catalyst  [ID.  Juris 
and  Moggi  [  14)  also  report  a  parallel  trend  in  k,  vs.  pH  with,  and  without, 
an  RuO^  catalyst;  nowever,  in  this  case  k,  appears  to  increase  nearly 
exponentially  with  increasing  pH  over  the  pH  range  0.5  t-o  6,  and  the 
addition  of  the  the  redox  catalyst  does  not  have  a  marked  effect  on  the 
rate  (ca.  2  fold  increase). 

It  is  worth  noting  at  this  stage  that  in  none  of  the  kinetic  studies 
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refer;:  ;ed  above  or  in  table  I  were  the  kinetics  and  overall  7»0^  yields 
also  monitored  as  a  function  of  pH;,  i.  e.  0^  evolution  was  always  assumed 
to  proceed  with  the  same  kinetics  as  RuCfapjOa^"^  reduction  and  witn  an 
overall  stoichiometric  yield.  However,  on  occasions  this  assumption  can 
prove  to  be  invalid,  as  we  have  demonstrated  recently  from  the  results  of  a 
study  of  the  'apparent'  catalysis  of  reaction  (2),  with  Ox  =  Ce^'',  using 
the  RuO^/polybrene  colloid  of  Minero  ef  ai.  Llil.  In  a  previous  paper 
Minero  et  al.  had  reported  the  results  of  a  similar  kinetic  study  of  Ce*'^ 
reduc'v.ion  in  which  stoichiometric  0^  evolution  was  assumed  [113.  From  the 
results  of  our  work,  however,  carried  out  under  the  same  reaction 
conditions  as  used  by  Minero  et  sJ.  [Ill  we  were  unable  to  observe  any  0^2 
evolution  and  it  appeared  that  the  kinetics  of  Ce^'^  reduction  were  those 
for  the  oxidation  of  the  polybrene  support  and  not  water. 

Thus,  although  Rutbpyls,^"  is  not  as  strong  an  oxidising  agent  as  Ce^'^ 
ions  (and,  therefore,  less  likely  to  oxidise  the  support,  catalyst  or  any 
adventitious  impurities)  the  kinetics  of  Rutopyla^*  reduction  should  not 
automatically  be  assumed  to  be  due  to  reaction  (17).  For  example, 
Shafirovich  and  Strelets  have  studied  reaction  (17)  as  a  function  of  pK, 
using  an  unsupported  RuOj,  colloid  as  the  redox  catalyst  and  found  that  tne 
%02  yield  was  only  at  pH  1.6  and  decreased  to  3%  at  pH  1.2  L163.  In 
addition,  over  this  seme  pH  range,  they  found  that  the  amount  of  CO^ 
liberated  due  to  the  'deep'  disintegration  of  a  small  fraction  of 
RuCDpy)^^"'^  increased  markedly  with  decreasing  pH.  These  workers  also  noted 
that  Ru(Dpy)3=‘''  was  able  to  oxidise  some,  albeit  only  ca.  1%,  of  the  RuO- 
to  RuOjj  even  at  pH  values  up  to  pH  2.6.  Although,  in  our  work  no  evidence 
was  found  for  this  latter  reaction  this  may  simply  reflect  the  greater 
efficacy  of  RuO_..  as  a  0-  catalyst. 


-13- 


zrV; 


From  the  results  illustrated  in  fig.  3  and  our  previous  general 
observation  that  at  all  pH's  tested  the  kinetics  of  0^  generation  appeared 
to  parallel  those  of  Rufbpylg^""  reduction  it  appears  that  RuO^.  is 

able  to  mediate  reaction  (17).  The  general  shape  of  the  variation  in 
initial  rate  of  RuCbpy)-.^"'  reduction  vs.  pH,  with  redox  catalyst  present, 
illustrated  in  fig.  3  (a),  can  be  readily  interpreted  using  the  specific 
electrochemical  model  described  earlier.  In  this  model  of  redox  catalysis 
the  initial  rate  of  reduction  of  RuCopylg*"  will  reach  a  limiting, 
diffusion  controlled  value  when  the  two  current-voltage  curves  are  well 
seoarated.  The  formal  redox  potential  of  the  O^/H^O  couple  decreases  with 
increasing  pH,  i.e.  £=■  =  (1.23  -0. 059xpH)  V  vs.  NHE  and,  since  the  formal 
potential  of  the  Ru  ;bpy)3='"/Ru(bpy)3“'‘  couple  is  pH  independent,  it  can  be 
seer,  that  as  the  solution  pH  is  increased  so  will  the  separation  in  the 
equilibrium  potentials  for  the  two  redox  couples  involved  increase,  and 
eventually  diffusion-controlled  kinetics  will  be  achieved.  Given  the 
electrochemical  model,  from  the  results  illustrated  in  fig.  3 (a)  it  appears 
that  over  the  pH  range  3-5  the  kinetics  are  diffusion-controlled  and,  as  a 
result,  the  rate  is  directly  related  to  i„i«,  where  i„.j,,  is  given  by  ecn 

\  1  f  /  . 


It  also  appears  from  the  results  iliustreted  in  fig.  3(a)  that  at  pH 
values  below  pH  3,  the  separation  in  equilibrium  potentials  for  the  two 
redox  couples  (which  decreases  with  decreasing  pH)  is  not  sufficiently 
large  to  render  the  kinetics  of  RuCopyla®'"  diffusion  controlled.  It  is 
suggested  that  at  pH  values  <<  pH  3,  such  as  pH  2,  the  rate  of  RutbpyOs®* 
reduction  at  any  time  t  during  the  course  of  the  reaction  is  related 
directly  to  i„.i>.. where  -  is  given  by  eqn  (15).  In  order  to  test 


these  ideas  further  the  kinetics  of  reaction  (17)  wore  studied  at  pH  3. S 


-  1  A  - 


2ZZ:  -  fo 


2zr-7> 


corresponding  to  the  two  different  types  of  kinetics  : 


precictec  D', 


eqns  (14)  and  (13),  respectively. 

ihe  results  of  the  ki.netic  study  of  reaction  (17)  mediated  by 
KuO^.  at  pH  3.9  are  illustrated  in  figs.  4-6.  At  this  pH  the  kinetics 

of  Ru<bpy)3=’-  reduction  are  first  order  with  respect  to  t  RuCDpy)^^'" i  over  2 
.hell  lives,  as  illustrated  by  straight  line  first-order  plot  in  fig  4(c). 


;.nis  iincii 


g  IS  as  expected  from  eqn  (14)  of  the  electrochemical  model, 


which  also  predicts  that  k,  should  be  propoitional  to  i  RuO-.  ,  since 

i.„i-  ^’111  depend  directly  upon  electrode  area  and  which  depends  directly 
upon  L  RuOa- >r;-0*3 .  The  direct  dependence  of  k,  upon  i  RuO^.  is 

confirmed  by  the  results  of  the  study  illustrated  in  fig.  5.  From  the 
results  o;  the  Arrhe.nius  plot  ilustreted  in  fig.  6  an  activation  energy  of 
2C  t  1  kJ  moi“’  was  calculated  which  comperes  favourably  with  the  value  of 
35-iS  kJ  mol-'  which  is  exoected  for  a  diffusion-controlled  reaction  [51. 


Overall,  from  the  results  of  the  kinet 


study  of  reaction  (17)  mediated  by 


RuCij.  at  pH  3.9  the  reaction  aoDears  clf fusion-controlled  and  welj 


describee  by  eon  (14;  of  the  electrochemical  model. 

.ns  noted  earlier,  the  kinetics  of  reaction  (17)  mediated  by  RuO-. 

5*.  pH  2  are  not  first  order  but  rather  appear  to  depend  directly  upon 
[F.u(bpy>5,'*l'»,  where  v  =  1.5  (see  the  results  illustrated  in  fists.  7(a)  anc 


(b>;  .  if  at  dH  2  ecn  (13)  of  ^he  electrochemi 
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tne.n,  s  rom  these  initial  findings  it  would  appear  that  the  ter 


Fro,-  previous  electrochemical  studies  of  the  oxidation  of  water  using 


hignly  defective  RuO^  anodes  it  appears  that  the  water  oxidati 
the  'oxide'  pathway,  i.e. 


on  occurs  via 


S  -r  H^O  - >  5-OH 


f  r.  T  e" 


2S-0H 


- y  S~Q  "T  S  H;;0 


2S-0  - >  2S  +  O2  (20) 

where  S  is  the  active  site,  with  reaction  (19)  as  the  rate  determining 
step,  i.  e,  a,  =  2.  In  our  study  of  the  kinetics  of  reaction  (2)  with  Ox  = 
Ce*'^,  mediated  by  RuOa.  yHaO*  the  same  mechanism  and  rate  determing  step  for 
water  oxidation  appeared  applicable.  Thus,  it  appears  reasonable  to  assume 
that  this  is  also  the  case  for  reaction  (17)  mediated  by  RuO^.  and,  as 

a  result,  we  can  take  a,  =  2  in  eqn  (12).  It  cap  be  seen  that  the  term 
O^r,  will  equal  the  desired  value  of  1.6  if  =  14  and  8^  =  2.  One  scheme 
in  which  this  would  be  the  case  is  as  follows: 


2Ru(bpy)3=3-’ 

- > 

< - 

D 

(21) 

D  +  e- 

- > 

D- 

(22) 

D-  +  e- 

- > 

< - 

D=- 

(23) 

D=- 

- > 

< - 

2Ru(bpy)3=-* 

(24) 

with  eqn  (22)  as  the  rate  determining  step.  In  this  latter  case  the 
current-voltage  curve  would  be  given  by: 

ic  =  Fk2aK2,[Ru(bpy)3=‘-*-]=  exp(-pFE„i,</RT)  (25) 

where  k^a  is  the  rate  constant  for  the  rate  determining  step,  K^,  is  an 
equilibrium  constant  for  reaction  (21)  and  p  =  symmetry  factor,  which  may 
be  taken  as  =  )4. 

In  the  above  reaction  scheme  the  electroactive  species  in  the 
oxidation  of  water  is  a  dimeric  form  of  Ru(bpy)3=^'^.  The  formation  of 
dimers  in  acid  solution  is  not  unknown  in  the  chemistry  of  derivatives  of 
Ru(bpy)3='‘*'.  Thus,  Gratzel  and  his  co-workers  have  found  that  thermolysis 
(at  80*0  or  photolysis  of  a  solution  of  RuLg®'*'  (where  L  =  2,  2'-bipyridyl- 
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5,  5^-dicarboxylic  acid)  in  0.5  mol  dm“=^  HaSO^  in  the  presence  of 
persulphate  generates  oxo-bridged  dimers  of  the  type 
L2<H20)Ru*“-0-Ru^^^  <0H2)L2  which  can  act  as  homogeneous  0^  catalysts 
[  19, 20]. 

Dimerisation  of  Rufbpylg®’'  does  not  appear  to  occur  to  any  measurable 
extent  in  bulk  solution  under  the  experimental  conditions  of  our  work, 
since  the  Ru<bpy)3®'*'  solutions  were  found  to  exhibit  no  deviation  from 
Beer's  law.  No  evidence  was  found  in  the  bulk  solution  for  the  formation 
of  a  permanent  homogeneous  0^  catalyst;  Ru(bpy)3=‘''  solutions  arising  from 
the  catalysed  decay  of  a  Ru(bpy)3-^'*  solution  were  very  stable  at  pH  2  when 
separated  from  the  RuO^.  catalyst  and  then  re-oxidised  to  RuCbpylg^'^ 

with  PbOjj. 

An  important  feature  of  the  kinetics  at  pH  2  which  is  also  predicted 
by  the  electrochemical  model  is  the  independence  of  the  rate  upon 
[  RuCbpy)^®''"] .  In  this  respect  the  kinetics  of  reaction  (17)  mediated  by 
RuOa.  yHaO'*  are  quite  different  to  those  reported  by  Sutin  and  his  co¬ 
workers  for  the  same  reaction  catalysed  by  aquocobalt  (II)  ions;  in  this 
latter  case  r(t)  was  found  to  depend  not  only  upon  [Ru(bpy)3®''’3®  and 
CCo(II)],  but  also  [  Ru(bpy)3“''']“’  at  low  [Ru(bpy)3'^'^] /CCodl)]  ratios  and 
low  [Co(II)3. 

Since  the  kinetics  of  reaction  (17)  at  pH  2  appear  to  depend  upon 
( Ru(bpy)3“^] ’  •  a  measure  of  the  rate  constant  can  be  gleaned  from  the 
gradient,  =  k‘',.6,  of  a  plot  of  time.  From  the  electrochemical 

model,  imix.  is  directly  related  to  iooi’'“*  iooa"'’*  expioar^FfEa®  -  Ei^l/RT) 
which  in  turn  should  be  directly  related  to  k',.®.  Despite  the  complexity 
of  the  kinetics  predicted  by  the  electrochemical  model  via  eqn  (13),  imix, t 
will  still  depend  directly  upon  the  total  electrode  area  and,  therefore, 
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[  RuO^.  yH^O'*'] .  Thus,  according  to  the  electrochemical  model,  at  pH  2  a  plot 
of  k'',.,-  vs.  [  RuO^.  yHzO''^}  should  be  a  straight  line  and  this  prediction  is 
confirmed  by  the  results  illustrated  in  fig.  8.  From  the  gradient  of  the 
Arrhenius  plot  illustrated  in  fig.  9  an  activation  energy  of  34  ±  1  kJ  mol” 
’  for  reaction  (17),  carried  out  at  pH  2  and  mediated  by  RuO^.  ^41^0*,  was 
calculated. 


Conclusion 

RuO^.  is  able  to  mediate  the  oxidation  of  water  by  Ru(bpy)3-®'^  ions 

with  high  yields,  over  a  wide  pH  range.  Over  the  pH  range  3-5  the 
initial  rate  is  largely  independent  of  pH  and  the  kinetics  of  RuCbpy)^®"^ 
reduction  are  first  order  with  respect  to  t  Ru(bpy).3=‘‘*']  and  [  RuO^.  yHaO*"] 
with  an  activation  energy  of  20  i  1  kJ  mol~’.  At  pH  values  below  3  the 
initial  rate  of  reaction  decreases  with  decreasing  pH  and  the  kinetics 
appear  to  be  1.6  order  with  respect  to  t  Rufbpy)®®"^)  although  first  order 
with  respect  to  1  RuO^.  yHaO**]  and  with  an  activation  energy  of  34  i  1  kJ 
mol“’.  An  electrochemical  model  of  redox  catalysis,  in  which  the  reduction 
of  RuCbpylg®"^  and  the  concomitant  oxidation  of  water  to  0^  are  considered 
as  two  electrochemical  irreversible  processes  coupled  together  via  the 
redox  catalyst,  can  be  used  to  rationalise  the  findings..  Using  this  model 
to  interepret  the  results  at  low  pH  <pH  2)  it  appears  that  electron 
transfer  from  a  dimer  of  RuCbpylg®"^  to  the  redox  catalyst  may  be  the  rate 
determining  step.  .  Over  the  pH  range  3  <  pH  <  5  the  kinetics  of  Ru<bpy)3^'^ 
reduction  are  diffusion-controlled.  As  predicted  by  the  electrochemical 
model  the  kinetics  of  RuCbpy/s^^"^  reduction  were  always  found  to  be 
independent  of  t RuCbpyls^"^] .  The  same  electrochemical  model  can  be  used  to 
Interpret  the  kinetics  of  catalysis  of  reaction  (2)  with  Ox  =  MnO^j"  [21). 
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Figure  Legends 


(1)  Schematic  illustration  of  the  experimental  system  used  to  monitor 
simultaneously  the  reduction  of  RuCtpyla^"^  ions  and  the  oxidation  of 
water  to  Ojj.  The  system  comprised  the  following:  (a)  quartz-iodide 
light  source,  <b)  monochromator  (set  at  675  nm),  (c)  photomultiplier, 
(d)  amplifier,  <e)  Teflon-coated  stirrer  flea,  <f)  stirrer  motor,  <g) 
O2-MPD  base,  (h)  potentiostat  and  (i)  syringe.  The  effective  path 
length  of  the  reaction  vessel  was  3.2  cm. 

(2)  Schematic  illustrations  of  the  relevant  current-voltage  curves  for 

the  redox  couples  Ox, /Red,  and  Ox^/Reda  using  the  redox  catalyst  as 
the  working  electrode.  In  the  case  of  redox  catalysis  of  reaction 
(2)  the  redox  catalyst  adopts  a  mixture  potential  at  which  i*  =  -ie  - 
i».i«-  In  (a)  the  mixture  current  lies  in  the  Tafel  region  of  both 
current-voltage  curves,  whereas  in  (b)  lies  in  the  diffusion- 

controlled  region  of  the  current-voltage  curve  for  the  Ox^/Reda 
couple. 

(3)  (a)  Initial  rate  of  RuCbpyls®"^  reduction  vs.  pH  profile  determined 

using:  t Rutbpyls®’*'] =  3.55x10“*  mol  dm“=*,  CRuOa.  =  77  pg  cm“ 

=3,  ([HOAc]  +  CAcO-)  =  0.025  mol  dm"®  and  T  =  30’C. 

<b)  %02  yield  vs.  pH  profile  recorded  using  the  same  conditions  as  in 
(a). 
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Figure  Legends  <Contd.  > 


(4)  <a)  Changes  the  visible  absorption  spectrum  due  to  RuCbpy)^^"*'  as  a 
function  of  time  using  the  same  reaction  conditions  as  in  fig.  3  (a) 
but  with  the  pH  =3.9  and  using  a  1  cm  quartz  cell;  the  spectra  were 
recorded  (from  top  to  bottom)  at  the  following  times  after  initiation 
of  the  reaction:  0,  18,  45,  80,  115,  300,  400  s. 

(b)  Plots  of  Absorbance  <at  675  nm)  due  to  RuCbpylg^^"^  and  dissolved 
lO^l  as  a  function  of  time  using  the  same  reaction  conditions  as  in 
(a)  ;  e  (Ru(bpy)3®-)c.-7e  =  440  mol~’  dm^*  cm“’.  At  t  =  500  s  the  '/.O^ 
yield  is  ca.  677,. 

(c)  First-order  plot  over  2J6  half-lives  of  the  absorbance-time  data 
illustrated  in  (b);  the  results  of  a  least  squares  analysis  are  as 
follows:  gradient  (m)  =  -(1.04  i  0.02)xl0"®  s"’,  intercept  (c)  =  - 
0.77  *  0.02  and  correlation  coefficient  (r)  =  0.9992. 

(5)  Plot  of  k,  vs.  [  RuOz.  The  different  values  for  k,  were 

determined  using  the  reaction  condtions  described  for  for  fig- 4,  but 
with  ( RuO^.  yHaO"*  ]  varied  over  the  range  0  -154  pg  cm~^;  the  results 
of  a  least  squares  analysis  are  as  follows:  m  =  0..121  *  0.005  s~’  mg“ 

’  cm^,  c  =  (1.2  ±  0.  4)>‘10“^  s~’  and  r  =  0.9958. 

(6)  Arrhenius  plot  of  ln(k,)  vs.  T"’.  The  different  values  for  k,  were 
determined  using  the  reaction  condtions  described  for  fig.  4,  but  with 
T  varied  over  the  range  5  -  50*C;  the  results  of  a  least  squares 
analysis  are  as  follows:  m  =  -(2.4  ±  0.2)  >'10^  K,  c  =  3.  6  ±0-5  and  r  = 

0.  9949. 

3ir- 
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Figure  Legends  (Contd. ) 


(7)  (a)  Plots  of  Absorbance  (at  675  nm)  due  to  RuCbpyOg**  and  dissolved 
tO^]  as  a  function  of  time  using  the  same  reaction  conditions  as  in 
fig.  3(a)  but  with  at  pH  2;  e  (Ru(bpy)3^‘*')67ei  =  440  mol“’  dm®  cm“’. 

At  t  =  500  s  the  yield  is  ca.  55X 

(b)  1.6-order  plot  (i.  e.  (absorbance)“°- ^  vs.  t)  over  half-lives 
of  the  absorbance-time  data  illustrated  in  (a);  the  results  of  a 
least  squares  analysis  are  as  follows:  m  (=  k-',)  =  (1.13  ±  0.02)xl0-^ 
(absorbance  units)*^-®  s~’,  c  =  1.50  iO.  02  (absorbance  units)*^-®  and  r 
=  0.  9989. 

(8)  Plot  of  k'',  vs.  t  RuOs.  yHaO*] .  The  different  values  for  k-',  were 
determined  using  the  reaction  condtions  described  for  fig.  7,  but  with 
I RuOa.  yHaO*]  varied  over  the  range  0  -300  pg  cm~®;  the  results  of  a 
least  squares  analysis  are  as  follows:  m  f  1.27  ±  0.03  (absorbance 
units)®-*^  s“’  mg-’  cm^*,  c  =  (1.7  *  0. 7>xl0~='  (absorbance  units)°-^  s“ 
’  and  r  =  0.  9990, 

(9)  Arrhenius  plot  of  ln(k',)  vs.  T~’.  The  different- values  for  k^,  were 
determined  using  the  reaction  condtions  described  for  fig.  8,  but 
with  T  varied  over  the  range  5  -  60*C;  the  results  of  a  least  squares 
analysis  are  as  follows:  m  =  -(4.  1  t  0.  2)xl0'^  K,  c  =  8.  9  ±  0.  7  and  r 
=  0.  9964. 
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Table  1:  Kinetic  Studies  of  the  Heterogeneous  Redox-catalysed 


Oxidation  of  H^O  by  Rufbpyls®- 


Method  of 

Ru(bpy)3®* 

Generation 

Catalyst 

Kinetic 

Technique* 

pH  range 

electrochemicaliy 

RuOa/polybrene 

colloid 

rapid  mixing 

&  stopped  flow 

1-12 

electrochemically 

RuO^/TiOa 

colloid 

rapid  mixing 

&  stopped  flow 

1-12 

photochemically 

RuO^/TiOa 

ps  flash 

2-7 

(Ru(bpy)3="-/S20e,=^-) 

colloid 

photolysis 

photochemically 

RuO^  and  RuOa/TiO^ 

photochemical 

- 

(Ru(bpy)s.=^/S20e^-) 

colloids 

relaxation  method 

phot  ocheml cal 1 y 

RuOa 

rapid  mixing 

2-7 

(Rutbpy)©*"^ 

/Co(NH3)gCl=*) 

powder 

♦:  In  all  cases  the  t RuCtpyOa®*"]  was  monitored  spectrphotometrically. 


1 


aoueqjosqe 


wavelength  /  nm 
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Synthesis  and  photoelectrochemical  reactions 
of  Cadmium  Sulfide  In  micellar  solutions: 
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Abstract:  In  this  paper  it  is  presented  the  results  obtained  by  using  either  reverse 
or  normal  to  control  the  size  of  the  CdS  semiconductor  particles.  The  use  of  mixed 
sodium  and  cadmium  di  ethyl-2-hexyl  sidfosuccinate  (s^um  and  cadmium  AOT) 
reverse  micelles  favours  the  formation  of  monodispersed  panicles.  By  increasing 
the  water  content,  the  size  of  the  particle  increases.  Photoelectron  transfer  reactions 

depend  on  the  relative  amount  of  cadmium  and  sulphur  ions  (x=[Cd^'*T/[S^’]).  At 
low  water  content,  reverse  micelles  prevent  Cd2>  semiconductor  against 
photocorrosion.  By  increasing  the  water  ctxitent,  photocorrosion  process  depends 
on  X  value 
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Introduction 

The  use  of  dispersed  media  to  solubilize  or  synthesise  microparticles  in  situ  has 
made  considerable  progress  in  the  last  few  years:  Langmuir-Blodget  films,  vesicles, 

polymerised  vesicles,  double  layers  or  reverse  micelles  have  been  used  as  the 
incotporation  media  for  microparticles,  colloids  or  semiconductorsO. 

Surfactants  dissolved  in  organic  solvents,  form  spheroidal  aggregates  called  reverse 

micelles^^X  Water  is  readily  solubilized  in  the  polar  core,  fonning  a  so  called  "water 
pool",  characterised  by  w,  w=[1^0]/[AOT3.  For  AOT  as  a  surfactant,  the 
maximuri  amount  of  bound  water  in  the  micelle  corresponds  to  a  water-surfactant 
molar  ratio  w  =  [H20]  ^AOT]  of  about  10.  Above  w  15,  the  water  pool  radius  is 

found  linearly  dependent  on  the  water  contentO.  Another  property  of  reverse 
micelles  is  their  dynamic  characters(l).  They  can  exchange  the  content  of  their  water 
pools  by  a  collision  process. 

Cadmium  sulphide  has  been  synthesised  in  AOT  reverse  micelles^  with  very  high 
concentrations  of  surfactant  (AOT  =  0.5M)  and  in  die  presence  of  small  quantities 

of  water.  These  authorsO  were  able  to  observe  a  reduced  size  distribudon  and  an 
increase  of  the  size  of  the  particles  by  increasing  the  amount  of  water  solubilized  in 
the  reverse  micelle.  The  v^ue  of  the  ratio  w  =  [H2OHAOTI  is  always  low  (w<10). 

Photocorrosion,  observed  in  the  presence  of  oxygen,  is  due  to  the  photodissolution 
of  CdS  particles.  The  photochemical  reaction  is  the  following: 

hv 

p2  +  CdS  +  2h+ - ^>Cd2+  +  S  +  H202 


Such  process  can  be  blocked  by  trapping  the  holes.h"^,  formed  during  the 
inadiation  of  the  particles  either  by  adding  an  external  electron  donor  or  by  the 
presence  of  an  excess  of  sulphur  ions  which  is  oxidised  by  the  holes. 

In  the  present  paper  we  compare  the  micellar  effect  in  the  formation  of  CdS 
semiconductors.  It  is  shown  that  using  reverse  micelles,  the  size  of  the  particle 
increases  with  the  size  of  the  droplet  whereas  one  size  of  particle  is  observed  by 
using  oil  in  water  micellar  solution. 

Experimental  section: 

1*  Products: 

Sodium  di  (ethyl-2-hexyl)  sulfosuccinate  is  produced  by  Fluka  and  sodium 
sulphide  Na2S  by  Janssen.  The  synthesis  of  functionalized  surfactant  has  been 

previously  described(7).  The  various  dialkylviologens  have  been  synthetized  as 
described  previoudy(8). 

2>Syn  thesis  of  CdS  in  reverse  micelles: 

i)  water  in  oil  micellar  solution:  The  synthesis  is  carried  (Xtt  by  nuxing  two 
micellar  solutions  with  the  same  ratio  of  water  (w=[H20]/[A0Tl) ,  one  containing  a 

solution  in  which  the  sulphur  ions 
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(Na2S)  are  solubilized  and  the  other  in  which  cadmium  ions  arc  {ncsent  The 
cadmium  ions  are  obtained  from  cadmium  di  ediyl-2-  hocyl  sulfossucinate.  Hk; 

respective  concentrations  arc,  in  general,  the  same,  3.10  mole.l  The  mixing  is 
produced  by  rapid  injection  a  variable  vDlume  of  sdutitHis  of  cadmium  itxis  and 
sulphide  ions  oi  the  same  concentration.A  mixed  sodium  and  cadimum  AOT  in 

isooctane  reverse  micelles  were  prepared.  The  concentxadems  are  O.IM  and  3 .10 
rodeJ'^. 

ii)  oil  in  water  micellar  solution:  A  micellar  sedution  of  ciulmium  lauryl 
sulfate  is  femned  and  sulphur  ions  solutkxt  is  add^ 

3-  Preparation  of  samples  for  electron  microscopy  experiments: 

i) reverse  micelles: 

An  equal  volume  of  water-acetone  is  added  to  the  mixed  micellar  solution 
ccxitaining  CdS  particles.  A  two  phases  transition  tid^  place  and  CdS  particles 
migrate  to  the  interface.  A  dre^  of  a  suspension  of  extracted  CdS  panicles  in 
acetmie  is  pull  on  a  copper  plate  with  a  carbon  film  The  sedvent  is  mnoved  by 
vacuum. 

ii)  Oil  in  water  micelles:  Acetonitrile  is  added  a>  the  micellar  solution.  A 
precipitation  takes  place  and  the  CdS  particles  are  dried  under  vacuum.  Tlte  powder 
is  then  dispersed  in  aqueous  solutkm  and  a  pull  on  a  copper  plate  with  carbon  film. 

4-  Apparatus: 

The  sinall-angle  X-ray  scattering  was  done  on  a  GDPA30  goniometer  with  copper 

Ka  radiation  (1.54  A).  The  experimental  arrangemrat  used  has  been  described 
prcviously(9). 

The  absmptitm  spectra  woe  obtained  with  a  Peikin-EIxnra-  lambda  5  and  Hewlett 
Packard  spectrophotcxneter  and  the  fluoiescmce  spectra  with  9  Poidn-Elmer  LSS 
spectrofluorioteter. 

A  Philips  electron  microscope  (mcdel  CM  20,200  kV)  was  used  to  obtain  picture. 
Continuous  iiiadiatitm  was  perfemned  u^g  KXXlwatts  Oriel  lan^  with  water 
filter  aiui  38Snm  cutoff  filter. 

Flash  photolysis  experiments  were  performed  udng  an  Applied  Phoiophysics 
apparatus. 

5-  Stuctural  study  of  mixed  sodium-cadmium  •il  etliyl-2-hexyl 
sulfosuccinate: 

Using  sodium  AOT  reverse  micdles  it  has  bear  shown^a  linear  dq)end»xte  of  tlte 
water  pool  radius  with  the  water  content  (R^«1.5  W)  previously.  In  pure 

Cadmium  AOT  shown^  vw  strons  chances  in  Ae 

phase  diagram  cd(AuT)2-iS66CUUit-witcr.  Using  mixed  micelles  (sodium- 

oadmium  AOT,  in  the  experimcnial  emidiiious  iu  wliieli  OlO  poiUeles  aie 
synthetized,  no  structural  changes  ciKQfMucd  to  ^um  AOT  icvcisc  mteltos  is 

c5>s«\ted:  a  linear  relarifwdrip  between  the  water  pOO^  and  the  water  extent  * 
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Results  ana  Discussions: 

I  In  reverse  micelles: 

The  nsmfhftMfl  Af  fWfi  i»  AOT  aic  obutliicJ  Rji  vxrluub  WUier 

oontcnts  (W-PI2OI4AOT])  and  v&fioui  a(a=[CJ^‘*1/[S^’]>  values. 

liShe  determination: 

In  the  presence  of  an  excess  of  cadmium  ion  (x=:2),  figtu:e  1  shows  a  red  shift  in  the 
absorption  spectra  by  increasing  w.  Below  the  absorption  onset  several  bumps  are 
observed  (tigure  1)  and  can  be  clearly  recognised  in  the  second  derivative  (inserts 
figure  1).  These  weak  absorption  bands  correspond  to  the  excitonic  transitions  and 
result  in  a  perturbation  of  electron  structure  of  the  semiconductor  due  to  the  change 
in  the  panicles  size.  This  gives  a  widening  of  the  forbidden  band  and  therefore  a 
shift  of  the  absorption  threshold  as  the  size  decreases.The  average  size  of  the 

particles  is  then  deduced  from  the  absorption  onseA  At  low  water  content  the  first 
excitonic  pic  is  well  resolved  and  is  followed  by  a  bump  (figure  lA).  The  second 
derivative  shows  a  very  high  intensity  of  this  bump  (insert  lA).  With  small 

crystallite,  according  to  the  data  previously  published(\  several  bumps  due  to 
several  excitonic  pics  are  expected.  Insert  figi^  1 A  shows  only  one  bump.  This  is 
due  to  the  fact  ^at  the  others  are  blue  shifted  and  are  not  observable  in  our 
experimental  conditions.  By  increasing  the  water  content,  that  is  to  say  by 
increasing  the  size  of  the  particles,  several  bumps  are  observed  (insert  figure  IB). 
This  confirms  the  fact  that,  at  w=5,  the  bumps  are  blue  shifted  and  indicates  a  very 
narrow  distribution  in  the  size  of  the  particles.The  intensity  of  these  bumps 
decreases  with  the  water  content,  w  (inserts  figure  1).  This  indicates  a  decrease  in 
the  number  of  excitonic  transitions  with  the  size  of  the  particle.  This  is  in  agreement 

to  the  theoretical  calculations  previously  published  for  the  (J-particles^X 

The  size  of  CdS  particle,  the  average  radius,  r,  is  deduced.  Figure  3  shows  a 

ch^ge  in  the  size  of  the  particle  with  the  relative  ratio  of  cadmium  and  sulphide 

ions  (X  =  [Cd^'^J^S^’]).  The  biggest  sizes  arc  obtained  for  x=:l  and  the  smallest 
for  x=2.  It  can  be  noticed  that  the  size  of  CdS  is  always  smaller  when  one  of  the 
two  reactants  are  in  excess  (xs:l/4,  1/2,  2).  This  confirm  that  the  crystallisation 

process  is  faster  when  one  of  the  species  is  in  excess^. 

Electron  microscopy  has  been  performed  using  a  sample  sj^nthesised  at  w=10,  x=2, 
in  mixed  reverse  micelles,  characterised  by  430  nra  absorotion  onset  corresponding 
to  a  radius  equal  to  25A.  The  micrograph  picture  (f>;iu^  2A)  shows  spherical 
and  monodispersw  particles.  From  micrograph  picture  the  average  size  is  in  the 
range  of  40  ±  20A.  The  electron  rays  diffraction  shows  concentrical  circles  (figure 
2B).  This  is  compared  to  a  simulated  diffractogram  of  bulk  CMS  and  a  good 
agreement  between  the  two  spectra  is  obtained  indicating  the  particles  keep  ZnS 
crystalline  structure  (  c.c.f)  with  a  lattice  constant  equal  to  5.83A.  From  the 
simulated  curve,  it  can  be  noticed  the  absence  of  (200)  line.  Tlte  inicroanalysis 
study  shows  the  characteristic  line  of  sulphur  and  cadmium  ions  indicating  that  the 
observed  particles  are  semiconductor  cristallites.  The  radius  of  the  particle  can 
be  deduced  from  the  line  widening  of  the  diffraction  signals  given  by  the  following 
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relationship^^*  2r  =  X  L/  AR  where  X  is  electron  wavelength  (X-  0.25 Inm),  L  is 

Y*<*“v*«  lv**sl^*  |L-4p00*-4  IVfJ  AU  ts.iilv  niJviuttft  iLtv6iiK  Tiiw  iculiun 

detenidned  from  such  calculation  is  equal  to  41 A .  The  differences  in  the  size  of  the 
particles  deduced  from  the  absotption  onset  and  obtained  from  electron  micro.scopy 
arc  probably  due  to  the  extraction  of  CdS  from  the  droplets  with  formation  of 
aggregates. 

2-  Polydispersity: 

As  the  fluorescence  is  depwdent  on  the  size  of  the  particles  a  shift  of  the  excitation 
threshold  with  the  emission  wavelength  indicates  the  presence  of  particles  of 
different  sizes  in  the  solution:  this  is  then  a  measurement  of  the  polydispersion  of 

the  ag^egatesO.  In  the  case  where  this  excitation  spectrum  is  analogous  to  the 
absorption  spectrum,  the  threshold  is  a  measure  of  the  average  size  of  the  emitting 
particles. 

Figure  4  C,D  shows  the  fluorescence  spectra  at  various  water  content.  The 

unchanged  s^tra  ( AX  =  2  nm)  with  the  excitation  wavelength  indicates  strong 
monodispersity.  The  shift  of  the  maximum  of  the  emission  with  the  water  content, 
w,  be  relat^  to  the  average  size  of  the  particles.  For  a  sample  synthetized  in 
the  given  ogierimental  condition  (fixed  w  and  x  value)  the  fluorescence  excitation 
spectra  obtained  are  unchanged  with  the  emission  wavelength.  This  confirms  the 
monodispersity  in  the  size  of  the  CdS  particles. 

3*  Photochemical  reaction: 
i*  Photocorrosion: 

The  yield  of  photocorrosion  is  followed  by  observing  the  change  in  the  absorption 
spectrum  of  CdS  particles  at  SOOnm.  Fi|^  5  shows  the  relative  photocorrosion 
yield  determined  under  continuous  irradiation  at  various  water  content 
In  the  presence  of  an  excess  of  sulphur  ions  (x»l/2)  a  shift  of  the  absorption 
threshold  to  longer  wavelengths  is  observed  showing  an  increase  in  the  size  of  the 
aggregates.  This  phenomenon  favouring  the  formation  of  large  particles  correspond 

to  a  greater  thermodynamic  stability  (Ostwald’s  ripeningP).  Figure  5A  shows  an 
increase  in  the  photocorrosion  yield  with  the  water  content. 

In  the  presence  of  an  excess  of  cadmium  ions  (x=2),  figure  5B  shows  the  high 

value  of  the  photocorrosion  yield.  Because  of  the  sulphur  vacancies  the  holes  (h'*’) 
can  easily  react  with  CdS  particles,  in  the  p^cncc  of  oxygen.  However  at  low 
water  content  micelles  plav  the  role  of  protecting  agent:  at  w=5,  the  size  of  the  WS 
particles  and  the  water  droplets  arc  similar.  This  indicates  that  the  surfactants 
molecules  totally  surrounds  the  CdS  particles.  By  increasing  the  water  content,  the 
photocorrosion  yield  is  very  large 

B>  Photoelectron  Transfer: 

The  photoelectron  transfer  from  CdS  to  various  dialkylviologens,  {(Cn)2V2+}, 
has  been  studied  by  flash  photolysis.  The  size  of  the  particles  remains  unchang^ 
cither  by  adding  viologen  before  or  after  CdS  synthesis. 

In  the  presence  of  an  excess  of  sulphur  (x=l/2),  figure  6  shows  a  decrease  in  the 
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yield  of  reduced  dialkylviologen  with  the  water  content.  This  can  be  related  to  the 
fact  that,  at  low  water  content,  figure  2  shows  a  change  in  the  absoiption  spectrum 
probably  due  to  sulphur  aggregates  adstxbed  at  the  CdS  interface.  Such  sulphur 
ions  are  able  to  give  an  electron  to  the  hole  formed  by  light  excitation  and  then 
prevent  the  back  electron  transfer  rcaction.The  yield  of  reduced  viologen  increases 
with  chain  length  of  viologen.  It  can  be  attributed  to  an  increase  in  die  amount  of 
viologen  anchored  the  CdS  semiconductor  surface. 

The  photoelectron  transfer  rate  constant  increases  with  the  water  content  and  \\nth 
the  chain  length  of  dialkylviologen.  This  can  be  explained  in  term  of  size  effect: 
figure  2  shows  that .  at  xs=l/2,  the  size  of  CdS  particle  is  strongly  changed  between 
w=5  (R=12A)  to  w=10  (R=13A).  By  increasing  the  water  content,  no  drastic 
change  in  the  size  is  obtained  (for  15<w<40,  ^16A).  The  photoelectron 

transfer  rate  constant  is  more  efficient  by  using  small  particle  and  long  chain 
dialkylviologen. 

In  the  presence  of  an  excess  of  cadmium  ions  (x=2),  the  photoelectron  transfer  rate 
constant  and  the  reduced  viologen  yield  are  constant  and  independent  on  the  length 
of  the  alkylchain  and  to  the  water  content.  This  can  be  attribute  to  die  fact  that  tliere 
are  no  internal  electron  donor  to  prevent  the  back  electron  transfer  reaction  as  it 
takes  place  in  the  presence  of  an  excess  of  sulphide  in  which  the  latter  play  a  role. 
The  addition  of  an  external  electron  donor  such  as  cysteine,  adenine 
benzylnicodnamide  does  not  prevent  the  back  reaction.  This  coidd  be  explained  in 
term  on  accessibility  of  the  electron  donw  to  the  holes  formed  by  CdS  excitation. 
The  back  electron  transfer  takes  place  befese  the  external  electron  donor  can  reach 
the  CdS  hole. 
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Figures: 


jh'igure  1:  Vanation  of  the  absorption  spectrum  of  CdS  in  reverse  micelles  witli 
die  VVdlCl  eullicill.  [AOT-  H«]  [(AOT^Cd]  a  =  1.  A<w=3i,  B 

(w=10);  C  (w=20);  D  (w=40) 

Figure  2:Variation  of  the  absorption  onset  and  the  CdS  radius  with  the  water 
content  [AOT-  Na]  =0. 1 M,  for  x  value  equal  tol/4;  1/2;  and  [(A0T]>2Cd]  10*^ 

M  and  for  x=2  [(AOT)2Cd]«tlO*^M 

[x=l/4:  (O);];  [x=l/2;  (•)];  [x=l;  (C)];  [x=2;  (■)] 

Figure  3: 

-A-  Electron  microscopy  of  a  sample  after  extraction  from  a  micellar  solution 
-B-£|ifl/04£diffraction  spectrum  of  CdS  particle 

Figure  4:  Variation  of  the  relative  fluorescence  spectra  (normalized  at  the  emission 
maximum)  with  the  water  content  at  various  excitation  wavelength; 

[AOTI  =0.1  M.  X  =  2;  [(AOlOaCd]  =2.10-^M  ,  (^exc:A  =  380  nm  ;  ■  =  400 
nm;  +  =  420  nm)  w=10  (A);  w=10  (B);  w=20  (C)  and  w=40  (D) 

Figure  5:Variation  of  the  relative  photoconosion  yield  with  time  at  various  water 
content  w=5  (■  );  w=10  (O);  w=20  A );  and  w=40  (+ ) 

Figure  6:  Variation  of  the  reduced  viologen  yield  (A  x=l/2;  B  x=2)  and  the  rate 
constant  of  the  electron  transfer  (C  X=l/2;  D  X=2)  with  the  length  of  various  alkyl 
chain  at  various  water  content.  .  _  — 
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Abstract 

The  mechanistic  and  kinetic  details  of  charge  injection  into 
the  conduction  band  of  Ti02  and  ZnO  colloids  from  the  evicted  thio- 
nine  and  CdS  colloids  are  investigated.  The  participation  of 
singlet  and  triplet  excited  states  of  thionine  in  sensitizing  Ti02 
and  2n0  colloids  are  elucidated  with  picosecond  and  nanosecond 
laser  flash  photolysis.  The  reverse  electron  transfer  between  the 
injected  charge  and  the  dye  cation  radical  is  the  major  limiting 
factor  in  controlling  the  efficiency  net  charge  transfer.  Better 
charge  separation  can  be  achieved  by  coupling  the  two  semiconductor 
systems. 


'zsr~/jo 


JLN-lS-1991  13:31  Fi^  MDTf^  RflDIfiTIOi  LflB.  TO  S17167222327  P.e4 

3 

1,  Introduction 

Photosensitization  of  a  stabler  Idr9e-band9ap  semiconductor 
has  important  applications  in  imaging  science  and  photoelectrochem¬ 
ical  conversion  of  solar  energy.  This  phenomenon  often  serves  the 
purpose  of  selectively  extending  the  absorptive  range  of  the  semi¬ 
conductor  materials.  The  principle  Of  a  dye  sensitization  process 
is  illustrated  in  Figure  1  Cl, 2].  One  of  the  intriguing  aspects  of 
the  photosensitization  process  is  the  poor  efficiency  (often  less 
than  1%)  of  net  charge  transfer  although  some  recent  reports  have 
indicated  efficiencies  of  30-80%  [3-63,  in  recent  years  several 
researchers  have  investigated  the  charge  injection  from  excited  dye 
into  the  semiconductor  particles  and  electrodes  by  employing  vari¬ 
ous  fast  kinetic  spectroscopy  techniques.  These  include,  emission 
[7-10],  nanosecond  [8-11]  and  picosecond  [12-15]  laser  flash  pho¬ 
tolysis,  resonance  Raman  [16,17],  microwave  absorption  [18],  dif¬ 
fuse  reflectance  laser  flash  photolysis  [19,20],  and  internal 
reflection  flash  photolysis  {21}, 

Another  interesting  approach  for  achieving  photosensitization 
would  be  to  replace  the  sensitizing  dye  with  a  short  bandgap  semi¬ 
conductor.  Coupling  with  a  short  bandgap  semiconductor  would  thus 
enable  sensitization  of  a  large  bandgap  semiconductor.  For 
example,  in  a  CdS-Ti02  system,  CdS  (E^  «  2,4  eV)  can  be  excited 
with  visible  light  and  photogenerated  electrons  can  then  be 
injected  into  the  TiO^  semiconductor  [22,23].  The  difference  in 
energy  levels  of  the  two  semiconductor  syst^os  plays  an  important 
role  in  controlling  the  charge  injection  process.  In  recent^  years, 
charge  injection  processes  in  several  mixed  semiconductor  colloids. 
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CdS-Ti02  t 23-25 h  CdS-ZnO  125],  ca3p2"Ti02  and  CdjPj-ZnO  [26],  Agl- 
Ag2S  [27]  and  znO-ZnS  [28]  have  been  reported. 

Both  dye-sensitized  and  short  bandgap  semiconductor  sensitized 
charge  injection  into  a  large  bandgap  semiconductor  have  now  been 
carried  out  by  us  to  elucidate  the  mechanistic  and  kinetic  details 
of  charge  injection  processes  in  colloidal  semiconductor  suspen¬ 
sions.  In  the  present  study,  we  have  chosen  thionine  dye  and  CdS 
semiconductor  colloid  as  sensitizers  and  Ti02  and  ZnO  colloids  as 
large  bandgap  semiconductors.  The  transparency  of  the  colloidal 
suspension  facilitates  direct  detection  of  transients  by  picosecond 
and  nanosecond  laser  flash  photolysis.  Ultrafast  charge  transfer 
processes  that  control  the  efficiency  of  photosensitization  will  be 
addressed  here. 

2.  Experimental 

2.1  Materials; 

Thionine  (Fluka)  was  purified  over  a  chromatography  column  of 
neutral  alumina.  Colloidal  Ti02  was  prepared  by  the  hydrolysis  of 
Titanium(lV)-2-propoxide  (Alfa  products)  in  acetonitrile  [29].  ZnO 
colloids  were  prepared  by  the  hydrolysis  of  a  Zn-complez  precursor 
with  LiOH  as  described  by  the  method  of  Spanhel  and  Anderson  [30]. 

2.2  Optical  Measurements 

Absorption  and  emission  spectra  were  recorded  with  a  Perkin- 
Elmer  3840  diode  array  spectrophotometer.  Emission  spectra  were 
recorded  with  a  SLM  8-8000  spectrofluorometer .  - 
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Nanosecond  laser  flash  experiments  were  performed  with  a  532- 
nm  laser  pulse  (8  mJ,  pulse  width  6  ns)  from  a  Quanta  Ray  Nd:YA6 
laser  system.  The  experiments  were  performed  in  a  rectangular 
quartz  cell  and  all  the  solutions  were  deaerated  with  high  purity 
nitrogen. 

Picosecond  laser  flash  photolysis  were  performed  in  a  flow 
cell  using  a  mode-locked  355-nm  laser  pulse  from  Quantel  YG-501  DP 
Nd:YAG  laser  system  (2-3  mJ/pulse^  pulse  width  ~  18  ps)  as  the 
excitation  source.  The  white  continuum  was  generated  by  passing 
the  residual  fundamental  output  through  a  D2O/H2O  solution.  The 
time  zero  in  these  experiments  corresponds  to  the  end  of  the  exci¬ 
tation  pulse.  All  the  experiments  were  performed  at  room  tempera¬ 
ture  (296  ±  1  K). 

3.  Results  and  Discussion 
3.1  Dye  Semiconductor  System; 

Recently,  there  have  been  several  reports  which  address  the 
interfacial  charge  transfer  at  the  excited  dye  and  the  semicon¬ 
ductor  [12-21).  As  indicated  in  Fig,  1,  both  triplet  and  singlet 
excited  states  of  a  sensitizing  dye  are  capable  of  injecting  charge 
into  the  semiconductor.  Most  of  the  earlier  studies  have  indicated 
that  excited  singlet  state  of  the  dye  is  the  major  species  that 
participate  in  the  charge  injection  process  and  the  rate  constant 
for  the  charge  injection  process  is  greater  than  5  x  10^®  s“^. 
However,  little  effort  has  been  made  to  elucidate  the  role  of  trip¬ 
let  excited  state  as  the  donor  in  the  dye  sensitization  process. 
Because  of  the  longer  lifetime  (often  in  microseconds)  it  should  be 
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advantageous  to  utilize  the  triplet  excited  state  in  injecting 
charge  into  the  semiconductor.  We  now  discuss  the  role  of  singlet 
and  triplet  excited  states  of  the  dye  in  governing  the  mechanism  of 
photosensitization  process.  We  have  chosen  a  thiazine  dye  as  the 
sensitizing  dye  since  it  yields  both  singlet  and  triplet  excited 
states  in  detectable  amounts.  Also  its  energetics  =  1.25  v  vs 
NHE)  facilitate  charge  injection  into  the  conduction  band  of  the 
semiconductor, 

Thionine-TiOy  Svstemt 

The  absorption  and  emission  spectra  of  thionine  in  aceto¬ 
nitrile  and  in  colloidal  Ti02  suspension  are  shown  in  Figure  2.  A 
red  shift  in  the  absorption  maximum  of  thionine  was  observed  in 
colloidal  Ti02  suspension.  As  shown  earlier  I29h  such  a  red  shift 
represents  charge  transfer  interaction  between  Ti02  surface  and 
thionine.  The  negatively  charged  -OH‘  groups  on  the  TiOj  surface 
influences  the  interaction  between  Ti02  positively  charged 
dye.  The  equilibrium  constant  for  such  a  charge  transfer  inter¬ 
action  is  found  to  be  quite  high  (K^  =  2.75  x  10^  [29]), 

Such  a  charge  transfer  interaction  between  thionine  and  Ti02 
colloid  resulted  in  the  decrease  of  the  fluorescence  yield.  This 
is  evident  from  the  emission  spectra  recorded  in  Pig.  2B.  This 
decrease  in  fluorescence  yield  (>  60%)  is  attributed  to  the  quench¬ 
ing  of  singlet  excited  state.  As  shown  earlier,  the  quenching  of 
excited  singlet  state  proceeds  by  charge  transfer  to  the  semicon¬ 
ductor  colloid  (reaction  l). 
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+  TiC^  - >  +  TiOjCe)  (1) 

Picosecond  laser  \  photolysis  experiments  were  carried  out 
to  probe  the  ultrafa;  charge  transfer  events  that  might  occur  on 
the  surface  of  colloidal  Ti02.  Figure  3  shows  transient  absorption 
spectra  of  thionine  in  acetonitrile  and  in  colloidal  Ti02  suspen¬ 
sion  recorded  immediately  after  the  532-nm  laser  pulse  (pulse  dura¬ 
tion,  18  ps)  excitation.  The  transient  absorption  spectrum  in 
acetonitrile  which  is  attributed  to  singlet  excited  state  exhibits 
maximum  at  450  nm  and  a  shoulder  around  500  nm.  The  lifetime  of 
^TH'*’*  as  determined  from  the  first  order  decay  of  the  450  nm 
absorption  was  450  ps  in  ethanol.  However,  in  colloidal  Ti02  sus¬ 
pension  a  similar  absorption  spectrum  but  with  decreased  intensity 
was  observed.  It  is  likely  that  the  excited  singlet  state  of  the 
unassociated  dye  dominates  the  absorption  in  spectrum  b  (Figure 
3).  Although  one  would  have  expected  to  see  formation  of  TH2^*'*’ 
with  absorption  in  the  region  of  500  nm.  Such  a  transient  absorp¬ 
tion  is  likely  to  be  buried  in  the  singlet-singlet  absorption  of 
free  dye.  If  the  lifetime  of  dye  cation-radical  is  very  short 
(i.e.  less  than  the  lifetime  of  singlet  excited  state)  it  will  be 
difficult  to  time-resolve  the  transient  absorption  spectra  for 
characterizing  ^TH*  and  species.  We  have  recently  shown  [15] 

in  the  case  of  Ti02-8guaraine  that  the  dye  cation  radical  formed 
during  the  charge  injection  process  was  short  lived  (270  ps)  than 
the  singlet  excited  state  (3  ns).  A  high  rate  constant  (3.7  x  10® 
s**^)  for  the  reverse  electron  transfer  between  injected  char.ge  and 
dye  cation-radical  was  a  limiting  factor  in  controlling  the  effi- 
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ciency  of  net  charge  transfer. 

While  the  guenching  of  thionine  fluorescence  by  Ti02  colloid 
was  efficient »  we  failed  to  detect  any  transient  absorption  of 
cation-radical  in  the  laser  flash  photolysis  experiments*  This 
shows  that  the  reverse  electron  transfer  (reaction  2) 

+  Ti02(e)  - >  TH"^  +  TiOj  (2) 

occurs  faster  than  the  decay  of  the  excited  singlet  state.  Because 
of  the  strong  interaction  between  the  dye  and  Ti02»  static  quench¬ 
ing  processes  dominate  both  the  forward  and  reverse  electron  trans¬ 
fer  processes. 

3.1.2  Thionine-ZnO  System: 

ZnO  colloids  prepared  in  ethanol  have  pH  around  9.0.  We  main¬ 
tained  a  pH  of  8.2  in  our  ZnO  suspension  so  that  the  surface  is 
slightly  positive.  As  a  result  of  thiSr  no  direct  interaction 
between  and  ZnO  colloid  was  seen.  The  absorption  spectrum  of 
thionine  remained  unaltered  when  ZnO  colloids  were  added  to  the  dye 
solution.  Similarly,  no  change  in  the  fluorescence  yield  was  seen 
in  colloidal  ZnO  suspensions.  Hence,  the  participation  of  excited 
singlet  state  in  the  charge  iniection  process  can  be  ruled  out. 

A  more  interesting  picture  emerged  when  the  laser  flash  pho¬ 
tolysis  experiment  was  carried  out  with  a  nanosecond  laser.  The 
transient  absorption  spectra  recorded  5  us  after  532-nm  laser  pulse 
excitation  are  shown  in  Figure  4.  In  neat  ethanol,  we  observe 
transient  absorption  with  a  maximum  around  420  nm  arising  as  a 

2^'  /j^ 
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result  of  triplet-triplet  absorption.  However,  a  growth  of  a  new 
transient  with  a  maximum  at  500  nm  is  seen  in  ZnO  suspensions.  The 
spectral  features  as  observed  in  earlier  studies  confirm  this 
transient  to  be  The  monophotonic  formation  of  (see 

dose  dependence  in  the  insert  of  Figure  4}  is  the  result  of  a 
charge  transfer  interaction  between  and  ZnO  (reaction  3). 

+  ZnO  - +  ZnO(e)  (3) 

The  growth  in  the  500  nm  absorption  matched  well  with  the 
decav  of  dye  triplet  at  420  nm.  The  rate  constant  for  the  quench¬ 
ing  of  ^TH'*'*  by  ZnO  was  6.8  x  10^  s“^.  Control  experiments  were 
carried  out  to  rule  out  the  possibility  of  TH^'*’*  formation  via 
excited  state  annihilation  and  self  quenching  processes. 

These  experiments  clearly  confirm  the  participation  of  triplet 
excited  state  in  the  charge  injection  process.  Because  of  the 
excess  positive  charge  on  the  ZnO  surface,  TH’’’  are  located  away 
from  the  ZnO  surface,  across  the  double  layer  (Figure  5).  in  order 
to  interact  with  the  ZnO  colloid,  it  is  necessary  for  the  dye  to 
diffuse  through  the  double  layer.  The  lifetime  of  singlet  excited 
state  is  too  short  to  promote  a  diffusional  charge  transfer 
process.  However,  the  triplet  dye  which  is  sufficiently  long-lived 
(t  »  88  ys)  interacts  with  ZnO  via  diffusional  process.  Other 
parameters,  such  as  surface  potential  of  the  semiconductor  colloid, 
and  charge  of  the  dye  molecule  could  well  influence  such  a  diffu¬ 
sion  controlled  charge  transfer  mechanism.  Further  studies  “to 
understand  these  aspects  are  currently  being  undertaken  in  our 
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laboratory. 

The  reverse  electron  transfer  between  injected  electron  and 
was  rather  slow,  but  was  dependent  on  the  concentration  of 
ZnO  colloids.  The  rate  constant  for  the  decay  of  increased 

from  8.6  x  10^  s“^  to  3.2  x  10^  s“^  when  colloidal  ZnO  concentra¬ 
tion  was  increased  from  50  uM  to  2  mM.  Interparticle  recombination 
process  is  expected  to  dominate  at  high  ZnO  concentrations.  Con¬ 
tributions  of  intraparticle  and  interparticle  recombination 
processes  to  the  decay  of  dye  cation  radical  has  been  illustrated 
earlier  for  the  Ti02“eosin  system  [8]. 

We  have  presented  here  two  examples  in  which  the  participation 
of  singlet  and  triplet  excited  states  of  the  dye  in  the  charge 
injection  process  are  described.  The  interaction  between  the  dye 
and  the  semiconductor,  as  described  in  Figure  5,  is  an  important 
factor  that  governs  the  mechanism  of  photosensitization.  In  the 
case  of  thionine-Ti02  system,  the  strong  interaction  between  the 
dye  and  semiconductor  leads  to  the  static  quenching  of  singlet 
excited  state.  However,  in  the  absence  of  any  direct  interaction 
between  the  dye  and  semiconductor  (e.g.  thionine-ZnO  system},  trip¬ 
let  excited  state  can  participate  in  the  charge  injection  process. 

3.2  Semiconductor-Semiconductor  Systems t 

By  coupling  a  large  bandgap  semiconductor  colloid  with  a  short 
bandgap  semiconductor  colloid  it  should  be  possible  to  extend  its 
photoresponse  into  the  visible.  The  feasibility  of  this  approach 
has  been  demonstrated  with  Cd$-Ti02  And  several  other  semiconductor 
systems.  Such  systems  not  only  extend  the  photoresponse  into  the 
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visible  but  also  improve  the  efficiency  of  charge  separation  (see 
Fig.  6).  An  enhancement  in  the  efficiency  of  methyl  viologen 
reduction  has  been  observed  upon  increasing  the  colloidal  Ti02 
content  in  a  CdS-Ti02  system. 

We  have  recently  made  an  effort  to  probe  the  charge  transfer 
processes  in  colloidal  CdS-Ti02  system  (231.  The  interaction 
between  the  two  colloidal  semiconductor  systems  can  be  studied  by 
monitoring  the  emission  spectra.  CdS  colloids  prepared  in  aceto¬ 
nitrile  exhibit  red  emission  at  wavelengths  greater  than  550  nm. 

The  red  emission  which  arises  as  a  result  of  sulfur  vacancy  can  be 
readily  quenched  by  electron  acceptors  such  as  thiasine  dyes 
[31].  One  would  also  expect  to  see  quenching  of  CdS  emission  in  a 
CdS-Ti02  system  if  the  interaction  between  the  two  semiconductor 
colloid  results  in  the  transfer  of  photogenerated  electron  from  CdS 
to  Ti02«  Figure  7  shows  the  dependence  of  CdS  emission  yield  on 
the  the  concentrations  of  colloidal  Ti02  ®  small 

amount  of  Ti02  (or  Agl)  is  sufficient  to  quench  nearly  90%  of  the 
CdS  emission.  This  raises  the  possibility  of  a  single  Ti02 
tide  being  able  to  quench  many  excited  CdS  molecules  *  TEM 
analysis  have  confirmed  that  several  of  small  size  CdS  particles 
(<50  A)  can  interact  with  a  single  Ti02  particle  {*  300  A)  and 
participate  in  the  charge  injection  process  [23]. 

Picosecond  laser  flash  photolysis  experiments  were  performed 
to  probe  the  injected  charge  in  Ti02  colloids.  The  transient 
absorption  spectra  recorded  immediately  after  355-nm  laser  pulse 
excitation  (At  «  0  ps)  are  shown  in  Figure  8.  The  excitatidh  of 
CdS  colloids  in  the  presence  of  Ti02  colloids  led  to  the  transient 
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absorption  in  the  region  of  550-750  nm.  These  absorption  features 
matched  well  with  the  absorption  of  trapped  electrons  at  the  Ti02 
surface.  The  absorption  spectrum  of  trapped  charge  carriers  was 
recorded  separately  by  direct  excitation  of  Ti02  colloids  with  266- 
nffi  laser  pulse.  The  absorption  in  the  550-760  nm  region  increased 
with  increasing  concentration  of  colloidal  TiO^  as  an  increasing 
amount  of  colloidal  CdS  interacted  with  Ti02  colloids.  No  such 
transient  absorption  was  detected  when  CdS  alone  or  Ti02  alone  was 
excited  with  355-nm  laser  pulse. 

The  trapping  of  charge  carriers  at  the  Ti02  surface  was  com¬ 
pleted  within  the  laser  pulse  duration.  This  indicated  that  the 
charge  injection  process  from  excited  CdS  into  Ti02  occurs  with  a 
rate  constant  greater  than  5  x  10^®  s“^.  These  trapped  charge 
carriers  were  also  found  to  survive  for  a  long  period  of  time 
1  us).  Charge  transfer  processes  in  other  coupled  semi¬ 
conductors  and  semiconductor  triads  are  currently  being  inves¬ 
tigated. 

3.3  Dye  Sensitization  of  Coupled  Semiconductors 

In  the  earlier  sections  we  described  two  modes  of  achieving 
sensitization  of  large  bandgap  semiconductors  with  a  dye  and  a 
short  bandgap  semiconductor.  The  question  now  arises  whether  one 
could  incorporate  both  these  principles  and  design  a  system  such  as 
Ti02-CdS-dye .  Attachment  of  a  red  sensitive  dye  to  the  short  band- 
gap  semiconductor  would  then  extend  the  photoresponse  of  the  large 
bandgap  semiconductor  further  into  the  red  region.  The  principle 
of  such  a  configuration  is  illustrated  in  Figure  9. 


/90 
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Figure  10(a)  shows  the  emission  spectra  of  thionine  in  the 
absence  and  presence  of  ZnO  colloids.  As  described  earlier  (sec¬ 
tion  3.1.2)  the  ZnO  colloids  do  not  quench  the  emission  of  thio¬ 
nine.  However^  CdS  colloids  are  able  to  interact  with  the  dye 
thionine  and  quench  its  fluorescence  emission.  As  can  be  seen  in 
Figure  10(b)/  this  quenching  is  partial,  but  the  quenching  effi¬ 
ciency  increases  if  we  add  a  small  amount  of  ZnO  colloids.  Since 
ZnO  colloids  interact  with  CdS,  the  electrons  injected  from  excited 
thionine  into  CdS  would  then  migrate  into  ZnO  colloids.  This  is 
indicated  by  the  fact  that  quenching  efficiency  observed  in  the 
ZnO-CdS-thionine  is  greater  than  CdS-thionine  system.  These  pre¬ 
liminary  experiments  demonstrate  the  feasibility  of  sensitizing 
coupled  semiconductors  with  dyes.  Rectification  properties  of 
coupled  semiconductor  system  is  expected  to  achieve  better  charge 
separation,  thereby  retarding  the  process  of  reverse  electron 
transfer.  Ultrafast  charge  transfer  events  associated  with  ZnO- 
Ti02~thionine  system  are  currently  being  investigated. 

Conclusions 

Ultrafast  photochemical  events  associated  with  dye  sensitiza¬ 
tion  and  short-bandgap  semiconductor  sensitization  have  been 
elucidated.  The  dye  sensitization  proceeds  via  singlet  excited 
state  when  the  dye  interacts  directly  with  the  semiconductor  sur¬ 
face.  The  participation  of  triplet  excited  state  in  the  sensitiza¬ 
tion  of  a  large  bandgap  semiconductor  can  be  seen  when  the  semi- 
conductor-dye  interaction  is  poor,  i/arge  bandgap  semiconductors 
can  also  be  sensitized  with  a  short  bandgap  semiconductor  and  such 
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systems  can  also  be  coupled  with  red  sensitive  dyes  to  improve  the 
overall  efficiency  of  photosensitisation. 
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Figure  Captions 


Pig.  1:  Schematic  diagram  illustrating  the  principle  of  dye  sensi¬ 
tization  process. 

Fig.  2:  A.  Absorption  and  B.  emission  spectra  of  5  uM  thionine  in 
acetonitrile  containing  (a)  0  M  and  (b)  0.45  i&H  colloidal 
Ti02. 

Pig.  3:  Transient  absorption  spectra  recorded  immediately  (At  =  0 
ps)  after  532-nm  laser  pulse  excitation  of  10  mM  thionine 
in  70%  acetonitrile,  20%  ethanol  and  5%  2-propanol;  (a)  no 
colloidal  Ti02  and  (b)  1  mH  colloidal  Ti02« 

Pig.  4;  Transient  absorption  spectra  recorded  5  vs  after  532-nin 
laser  pulse  excitation  of  thionine  C-o-)  and  thionine  * 

ZnO  (-A-)  in  ethanol.  Insert  shows  the  dependence  of 
TH^‘*‘*  yield  on  the  excitation  intensity. 

Fig.  5;  Two  possible  modes  of  interaction  between  semiconductor 
and  the  sensitizing  dye. 


Fig.  6:  Sensitization  of  large  bandgap  semiconductor  by  coupling 
it  with  a  short  bandgap  semiconductor. 

Fig.  7:  Ouenching  of  colloidal  CdS  emission  by  (a)  7i02  and 
(b)  Agl  colloids  in  acetonitrile  ({CdS]  «  2  mH] . 
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Fig.  8:  Transient  absorption  spectra  recorded  immediately  after 
355~nm  laser  pulse  excitation  of  0.75  mM  CdS  colloids  in 
acetonitrile  containing  (a)  0#  {b,  0.63  and  (c)  1.75  mM 
Ti02  colloids. 

Fig.  9:  Sensitization  of  a  coupled  semiconductor  system  with  a 
dye. 

Fig.  10:  A.  Emission  spectra  of  10  uM  thionine  in  the  presence  and 
in  the  absence  of  ZnO  colloids.  B.  Emission  spectra  of 
10  yM  thionine  in  acetonitrile  (a)  Ko  colloids;  (b)  after 
adding  CdS  colloids  to  solution  in  (a);  and  (c)  after 
addition  of  ZnO  colloids  to  solution  in  (b). 
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Diffusion-  and  Activation-controlled  Photoredox  Reactions  Sensitised  by 


Colloidal  Semiconductors 


Andrew  Mills*,  P.  Douglas,  M.  Garley,  A.  Green  and  G.  Williams 
Department  of  Chemistry,  University  College  of  Swansea, 

Singleton  Park,  Swansea,  SA2  8PP,  U.  K. 

Abstract 

The  recent  application  of  two  specific  but  related  kinetic  models  to 
interpret  the  kinetics  of  photo-induced  electron  transfer  between  a 
semiconductor  and  a  redox  agent,  observed  in  ps  flash-photolysis  studies  of 
colloidal  TiOa  and  CdS,  is  reviewed.  A  central  feature  of  both  kinetic 
models  is  the  assumption  that  the  distribution  of  colloid  particle  sizes 
fits  a  log-normal  distribution  law.  The  first  kinetic  model  further 
assumes  that  the  electron-transfer  reaction  is  activation-controlled,  the 
redox  quencher  is  in  large  excess  and  that  for  any  particle  the  rate 
depends  directly  upon  its  surface  area.  The  activation-controlled,  log¬ 
normal  kinetic  model  can  be  used  to  interpret  the  complex  kinetics  observed 
upon  flash-photolysis  of  colloidal  TiO^  in  the  presence  of  methyl  viologen 
and,  those  for  colloidal  CdS  in  the  presence  of  0^  or  Cd*-  ions.  The 
second  kinetic  model  assumes  that  the  electron  transfer  reaction  is 
diffusion-controlled  and  that  the  number  of  trapped  electrons 
photogenerated  on  a  CdS  particle  directly  after  flash  is  much  greater  than 
unity.  The  diffusion-controlled,  log-normal  kinetic  model  can  be  used  to 
interpret  the  very  different  to  activation-controlled  kinetics  observed 
upon  flash-photolysis  of  colloidal  CdS  in  the  presence  of  methyl  viologen 
or  methyl  orange. 
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Introduction 

The  area  of  photoredox  reactions  sensitised  by  semiconductor  dispersions 
has  attracted  a  great  deal  of  attention  over  the  last  decade.  In  the  early 
eighties  research  centred  on  their  use  as  sensltisers  in  solar  to  chemical 
energy  conversion  systems,  eg,  for  water  splitting  tl3,or  carbon  dioxide 
fixation  121.  Although  work  in  this  area  continues,  other  research  themes, 
such  as  the  use  of  semiconductor  dispersions  as  photosensitisers  in  organic 
synthesis  [3],  or  water  purification  £4],  have  become  increasingly 
Important.  In  this  work,  a  better  understanding  of  the  processes  Involved 
can  be  gained  if  the  photoinduced  redox  reactions  which  occur  at  the 
semiconductor-electrolyte  interface  can  be  monitored  directly.  In  the  case 
of  semiconductor  powders  this  is  often  not  possible.  However,  with 
optically  transparent  semiconductor  colloids,  the  fundamental  reactions  can 
often  be  monitored  using  the  well-established  time-resolved  techniques, 
such  as  flash-photolysis  [53,  fluorescence  [63  and  resonance  Raman 
spectroscopy  £73. 

A  number  of  studies  have  been  carried  using  such  techniques  out  on  the 
photochemistry  of  semiconductor  colloids.  In  some  cases  it  has  proved 
possible  to  observe  one  or  more  of  the  products  of  photo-induced  electron 
transfer  from  the  semiconductor  to  the  quencher,  eg.  reduced  methyl 
viologen  in  the  flash  photolysis  of  colloidal  TiO^  £8-103.  In  other 

cases,  transient  absorptions  or  bleachings  have  been  assigned  to  trapped 
photogenerated  holes  £8,11,123,  or  electrons  £8,13-163,  eg.  the  photo- 
induced  transient  bleaching  in  absorption  spectrum  of  colloidal  CdS  has 
been  assigned  to  trapped  photogenerated  electrons  £13-153.  On  the  whole, 
however,  most  investigators  have  confined  themselves  to  a  qualitative 
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interpretation  of  the  results  of  their  time-resolved  work  and  not  attempted 
a  more  rigorous  interpretation  of  the  often  complex  kinetics.  In  this 
paper  we  review  the  recent  and  very  successful  use  of  a  simple  kinetic 
model,  developed  initially  for  the  interpretation  of  dispersed  kinetics  in 
heterogeneous  systems  [163,  in  the  analysis  of  the  kinetics  of  the 
transients  generated  upon  flash-photolysis  of  colloidal  semiconductor 
dispersions,  such  as  TiO^  or  CdS,  in  the  presence  or  absence  of  various 
redox  quenchers  [10,  13-163. 

Colloid  kinetics:  some  general  points 

In  a  large  number  of  flash-photolysis  studies  of  semiconductor  colloids  the 
central  photo-induced  reaction  often  involves  the  transfer  of  electrons 
from  the  colloidal  particles  to  redox  quenchers,  i.  e. 

Q  +  e-  - >  Q-  (1) 

This  process  can  be  considered  to  occur  via  two  stages,  i.  e.  the  diffusion 
of  Q  to  the  colloidal  particle,  followed  by  the  tranfer  of  an  electron 
across  the  semiconductor/electrolyte  interface.  The  kinetics  for  this 
sequence  of  events  has  been  considered  by  several  workers  117-193  and  the 
following  expression  has  been  derived  for  the  overall  bimoiecular  rate 
constant  for  electron  transfer 

l^'kc,&»a  =  l/k,.,.^  +  1/kaiTf 
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where,  kn.-t,  =  k„^..  4nr*L  and  k^,rf  =  4-tirLD.  The  term  k.^  Is  the  rate 
constant  for  the  transfer  of  an  electron  from  the  conduction  band  of  the 
semiconductor  particle  across  the  Helmholtz  layer  to  Q  and  has  units  of  m 
s“’;  L  is  Avogadros  number  and  D  is  the  sum  of  the  diffusion  coefficients 
for  the  CdS  particle  and  Q,  and,  effectively,  is  the  diffusion  coefficient 
of  Q,  typically  10“®  m=  s"’. 

If  the  overall  electron  transfer  reaction  is  activation-controlled 
then  k.t  <<  D/r  and,  tliei-efore, 

=  k.f  4Ttr^L  (3) 


From  the  Tafel  equation,  .^t  25 *C, 

log(k,^/k.^,®)  =  -<l-a).  q/0. 059  <4) 

where  k«^®  is  the  rate  constant  when  q  =  0,  a  is  the  transfer  coefficient 
(usually  taken  as  0.5)  and  q  is  the  overpotential,  i.  e.  the  difference 
between  the  redox  potential  of  the  conduction  band  of  the  semiconductor  end 
the  Q/Q~  couple 


q  =  Ecb<SC)  -  E^CQ/Q-)  (5) 

Thus  the  value  of  k».t  and,  therefore,  depend  upon  the 

overvoltage  available  to  drive  the  interfacial  electron-transfer  process. 

If  the  overall  electron  transfer  reaction  is  diffusion-controlled  then 
>>  D/r  and,  therefore, 
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4-nrDL 


(6) 


Given  the  large  value  for  k^irf  for  most  colloids  (.eg.  k^iff  =  6. 
mol"’  dm"’*  s"’  for  colloid  particles  of  6  nm)  it  is  often  considered  most 
likely  that  a  photo-induced  redox  reaction,  such  as  reaction  <1),  will  be 
activation-controlled  and,  therefore,  the  bimolecular  rate  constant  for  the 
rate-determining  step  will  be  dependent  upon  particle  area  (see  eqn.  (3)> 
(9,10,133. 

In  typical  flash-photolysis  experiments  involving  TiO^  or  CdS  colloids 
and  methyl  viologen  as  the  redox  quencher  the  number  of  moles  of  reduced 
methyl  viologen  photogenerated  generated  has  usually  been  found  to  be  much 
gre  r  than  the  number  of  moles  of  colloid  particles,  thereby  implying 
that  the  average  number  of  photogenerated  electrons  produced  on  flashing 
either  colloidal  TiO^  or  CdS  is  much  greater  than  unity;  typical  values  of 
500  and  800  per  average  particle  of  TiOa  and  CdS,  respectively,  have  been 
reported  (10, 133.  Other  relevant  characteristics  of  the  TiO^  and  CdS 
colloids  which  form  the  basis  of  this  review  are  given  in  table  1  (203. 

The  number  of  moles  of  photogenerated  electrons,  S,  produced  on 
flashing  a  semiconductor  particle  of  radius  r  will  depend  in  some  way  upon 
flash  intensity,  I.  If  a  very  efficient  sacrificial  elect.'on  donor  is 
present  it  can  be  shown  that  5  would  be  «  I  (103  whereas  if  charge 
recombination  is  the  dominant  process  occuring  within  the  flash  then  5  wil 
be  oc  1’''=  (143.  In  addition,  if  the  semiconductor  particles  are  optically 
dilute,  as  is  often  the  case,  then  the  amount  of  light  absorbed  by  a 
typical  semiconductor  particle  (and,  therefore,  it  value  of  5)  will  be 
proportional  to  the  volume  of  the  particle  (=  4rir®/3). 

It  follows  from  the  above  arguments  that  directly  after  the  flash, 
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i.  e.  at  t=D,  the  total  concentration  of  electrons  photogenerated  by  n 
semiconductor  particles  of  radius  r  will  be  given  by  [163 


[e-3o  =  K,r=^I“n/Ve  <7) 

where  K,  is  a  proportionality  constant,  is  the  volume  of  solution  and  a 
is  the  power  term  for  flash  intensity  (ot  =  1  for  the  TiOz/PVA  colloids,  and 
a  =  14  for  the  CdS/hexametaphosphate  colloids).  The  term  K,r®  is  =  5,  the 
number  of  moles  of  photogenerated  electrons  on  each  of  the  n  semiconductor 
particles  of  radius  r  directly  after  flash. 

Simple  activation-controlled  kinetics  and  initial  observations 

If  the  semiconductor  colloid  was  a  monodispere  and  the  interfacial  electron 
transfer  quenching  reaction  was  activation-controlled,  then  at  any  time  t 
the  rate  of  reaction  would  be  given  by 

-d[e-].t/dt  =  k..t4nr®L[e-].t[Q]  <&> 

In  the  presence  of  a  large  excess  of  quencher  the  kinetics  of  reaction  will 
be  pseudo  first-order  and,  therefore,  the  modified  and  integrated  form  of 
eqn  (8)  becomes 


[e“).t  =  [  e-l^expC-kct)  (9) 


where  k.,  is  the  pseudo-first-order  rate  constant  and  is  equal  to 


k,.,4iir^L[  Q3 . 


Detailed  flash  photolysis  kinetic  studies  have  been  carried  out  on 
two  different  semiconductor  colloids  in  particular,  i. e.  TiOz  and  CdS  [10, 
14-163,  and  different  quenchers,  but  under  conditions  in  which  it  was 
considered  likely  that  the  kinetics  of  photoinduced  electron  transfer  would 
be  activation-controlled.  In  the  flash-photolysis  of  a  TiO^/PVA  colloid 
using  methyl  viologen  a  quencher,  the  kinetics  of  MV'"^  were  usually 
monitored  [10,163,  whereas  in  the  flash-photolysis  of  a 
CdS/hexametaphosphate  colloid,  using  0^  as  a  quencher,  the  kinetics  of 
recovery  of  the  CdS  absorption  spectrum  were  monitored  (and  assumed  to 
provide  a  direct  measure  of  the  kinetics  of  photoinduced  electron  transfer) 
[14,153.  In  both  cases  a  plot  of  the  data  in  the  form  ln{AA/AA.t-o)  vs.  t 
did  not  give  a  good  straight  line  as  expected  for  a  simple  first-order 
reaction  and  eqn  (9).  However,  for  each  of  the  two  different  semiconductor 
systems  the  plots  of  the  kinetic  data  derived  from  a  series  of  experiments 
using  the  same  conditions  as  before  but  in  which  the  initial  flash 
intensity  was  varied,  when  plotted  in  the  form  of  IntAA/AA^-ol  vs-  t, 
generated  a  series  of  superiraposable  curves  which  are  illustrated  in  figs. 

1  [103  and  2  (153.  The  ability  to  superimpose  these  plots  is  typical  of 
first-order  kinetics  even  if  the  kinetics  appear  Initially  not  to  be  first- 
order.  In  a  higher  order  reaction,  i.  e.  >  1,  any  increase  in  AA^o 
(Initial  absorbance  change)  would  decrease  the  initial  half-life  thus 
making  the  ln(AA/AA.t-o3  vs.  t  plots  non-superimposable. 

Activation-controlled  kinetics  and  the  log-normal  model 

It  is  possible  to  rationalise  the  curved,  normalised  first-order  plots  of 
the  observed  data  for  TiO^  and  CdS  colloids,  illustrated  in  figs,  i  and  2, 
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respectively,  by  assuming  not  only  that  the  reactions  are  activation- 
controlled,  but  also  that  the  semiconductor  colloids  are  polydispersed  with 
a  distribution  in  particle  size  adequately  described  by  the  log-normal 
distribution  law,  1.  e. 

n  =  n.  exp(-x=^)  (10) 

and 

px  =  ln(r/f)  (11) 

where,  n  is  the  number  of  particles  of  radius  r,  n  is  the  number  of 
particles  with  the  average  radius  P,  and  p  is  a  measure  of  the  width  of  the 
distribution.  The  variation  in  the  shape  of  the  distribution  as  a  function 
of  p  is  illustrated  in  fig.  3. 

It  follows  from  eqns.  (7)  and  (11)  that  for  n  particles  of 
semiconductor  of  radius  r,  the  concentration  of  electrons  in  the  solution 
directly  after  flash,  1.  e.  t=0,  will  be 

[e-]^_o  =  Ka.  ?=*.  exp(3px).I“.  fi.  exp(-x=)/V,  (12) 

with  the  total  concentration  of  photogenerated  e“’ s  given  by 

x=  « 

C.t_o<Total)  =  X  [e-]^_o  ^13) 

X=-co 

In  addition,  the  total  concentration  of  e“' s  in  the  solution  at  any  time, 
t,  after  the  flash,  1.  e.  C* (Total),  will  be 


</ 
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x=  « 


(Total)  = 


(14) 


x= 


-to 


where,  is  given  by 


[e  =  [e  ]  exp(-k.^4xCQ]L.  f^.  exp(2px)t)  (15) 


Using  equations  (12),  (13),  (14)  and  (15)  it  can  be  shown  that 


C, (Total) 


e,  = 


C^„o<Total) 


x=  ® 

Y  exp(3px).  exp(-x=*).  expt-x.  exp(2px) ) 

x=;« _ 

x=  ® 

2  exp(3px).  exp(-x=) 

X=-tD 


(16) 


where. 


X  =  k,t4it[Q]L.  f^.  t 


(17) 


A  useful  parameter  to  introduce  at  this  stage  is  the  ratio  at 
time,  t,  of  the  concentration  of  electrons  per  unit  volume  of  solution  due 
to  n  particles  of  semiconductor,  of  radius  r,  to  the  total  concentration  of 
electrons  directly  after  flash,  i.  e.  y,  =  [e~]^,  r/C^_c> (Total).  Fig.  4 
provides  a  typical  Illustration  of  the  model  predicted  variation  in  as  a 
function  of  time  (x)  and  r/f  for  p  is  =  0.75. 

Fig.  5(a)  illustrates  a  sectioned  version  of  the  same  plot  as  fig.  4. 
Given  that  the  area  under  each  section  in  fig.  5(a),  corresponding  to  a 
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particular  t  value,  is  =  8^,  it  is  possible,  therefore,  to  plot  0^  vs.  t 
for  p  =  0.  75  or,  for  that  matter,  for  .  ny  value  of  p,  as  illustrated  by  the 
modelled  curves  in  fig.  5(b).  Assuming  the  applicability  of  the  kinetic 
model  to  the  flash  photolysis  of  semiconductor  colloids,  since  i  and  time 
are  directly  related,  via  eqn.  (17),  the  parameter  8.^  has  physical 
significance  as  it  is  equivalent  to  the  normalised  kinetic  data  at  time  t, 
i.  e. 


or-  -  =  C^.(Total)/C.t.o<Total)  =  C,(Total)/C,_o (Total)  (18) 

Thus,  if  the  kinetic  model  is  applicable,  then  the  distribution  width  of 
the  semiconductor  colloid  under  investigation  can  be  obtained  by  plotting 
AA-t/AAt-o  or  -  vs.  ln(t)  and  then  matching  up  the  curve  obtained  with  a 
theoretical  8,  vs.  ln(T)  curve  calculated  for  a  certain  value  of  p,  such  as 
one  of  those  Illustrated  in  fig.  5(b).  After  matching  the  two  curves,  at 
any  common  values  of  0..  and  AA/AA.t_o  the  rate  constant  for  particles  with 
the  number  average  radius  f,  1.  e.  k,,,  can  be  obtained  from  the  difference 
between  the  two  x-co-ordinated  (ln(T)  and  ln(t),  respectively),  i.  e. 

Intkd)  =  ln(k.^4n[Q]Lf==)  =  ln(t)  -  ln(t)  (19) 

In  fact,  from  the  theoretical  plots,  for  a  wide  range  of  p,  it  appears  that 
when  8,  =  exp(-l),  t.  expOp^)  =  1.  Thus,  for  an  observed  kinetic  trace, 
k,3  can  be  estimated  via  the  expression 

kc,  =  exp(-3p*)/ti (20) 
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where,  t,^.  is  the  time  taken  for  AA^,/AA^_o  c-  -  to  fall  from  1  to  exp<-l). 

An  important  feature  of  this  kinetic  model  is  the  curvature  (with  a 
positive  deviation)  in  the  first-order  plots  of  the  predicted,  normalised 
kinetic  data  for  moderate  to  large  p  values.  The  solid  lines  in  figs.  1 
and  2  correspond  to  the  best  fit  model  predicted  curves  for  the  TiOa  and 
CdS  colloids,  respectively,  using  the  p  values  given  in  table  1.  In  a  very 
elegant  piece  of  work  Darwant  ef  al.  showed  that  the  p  values  for  two 
different  TIO2  colloids  (f  =  18  and  6  nm),  given  in  table  !  and  derived 
from  kinetic  data  arising  from  their  flash-photolysis  in  the  presence  of 
methyl  viologen  as  the  redox  quencher  and  assuming  the  above,  log-normal 
kinetic  model,  were  in  very  close  agreement  to  those  predicted  for  the  same 
colloids  from  dynamic  light  scattering  experiments  tlOl. 

Probably  the  most  Important  feature  of  the  model  is  the  predicted 
invariance  in  shape  of  the  plot  of  6.^  vs,  t  as  a  function  of  flash 
Intensity  for  any  given  p  value.  Thus,  for  a  particular  semiconductor 
colloid  and,  therfore,  a  set  p  value,  the  different  kinetic  traces  obtained 
as  a  function  of  flash  intensity,  once  normalised  should  be  superimposable, 
according  to  the  kinetic  model.  This  feature  was,  of  course,  one  of  the 
most  striking  details  associated  with  the  flash-photolysis  kinetic  studies 
of  the  TiOa  and  CdS  colloids  [10, 14-163,  as  illustrated  by  the  data 
contained  in  figs.  1  and  2,  and  thus  provides  confirmaton  of  the 
applicability  of  the  kinetic  model  to  these  two  semiconductor  photosystems. 

Diffusion-controlled  kinetics  and  the  log-normal  model 

In  some  recent  work  on  the  ps  flash-photolysis  of  colloidal  CdS  using 
methyl  viologen.  or  methyl  orange,  as  a  quencher  [14,151,  the  kinetics  of 
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recovery  in  CdS  absorption  spectrum  appeared  much  faster  than  those  usually 
found  for  activation-controlled  reactions.  In  addition,  the  condition  of 
superimposability  for  the  normalised  first-order  plots  of  the  kinetic  data 
obtained  as  a  function  of  flash  intensity,  which  is  usually  assumed,  via 
the  kinetic  model,  as  indicative  of  activation-controlled  kinetics,  was  not 
satisfied  as  illustrated  by  the  kinetic  data  contained  in  fig.  6  115]. 

These  results  led  us  to  develop  the  following  diffusion-controlled,  log¬ 
normal  kinetic  model  which  helps  to  provide  a  rationale  [153. 

For  some  reactions,  involving  photogenerated  electrons  and  an  added 
redox  quencher,  the  rate  of  reaction  will  depend  upon  the  rate  of  diffusion 
of  the  quencher  to  the  semiconductor  colloidal  particles.  Under  these 
conditions,  for  a  semiconductor  particle  of  radius  r,  ko  will  depend 
directly  upon  its  radius,  1.  e. 

ko  =  =  4jirDLCQ3  (21) 

where  k^,ff  is  the  diffusion-controlled  rate  constant  for  particles  of 
radius  r.  If  the  number  of  electrons  generated  per  semiconductor  particle 
is  >>  1  then,  for  a  diffusion-controlled  reaction,  the  rate  of  loss  of  e"' s 
on  a  CdS  particle  will  be  zero  order  with  respect  to  the  concentration  of 
e“* 6  on  that  particle.  Thus,  for  n  semiconductor  particles  of  radius  r, 
the  rate  of  change  in  the  number  of  moles  of  photogenerated  e~’ s  per  unit 
volume  of  solution  will  be 

d[e-]/dt  =  k^ifr[Q]n/V,L  =  4nD[Q3n/V.NA  <22 ) 

Integration  of  this  equation  generates  the  following  equation 
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[e-] 


-t—o 


4nrDnt/V, 


(23) 


e-)^  = 


for  0<t <t  e'3  t.o/ i^nrDt  Q]  n/V,) .  Using  eqns-  (11)  and  (12)  the  above 
equation  can  be  rewritten  as 

(24) 

(25) 


([e~]T)/([e“]T_o)  =  1  -  T.  exp(-2px) 


where, 


T  =  4nDtQ]t/(f2.  K,I“) 


For  the  full  distribution  of  radii,  equation  (24)  coupled  with  equations 
(13)  and  (14)  yields  the  following; 


x=  w 

CT(total)  2  exp(3px).  expf-x^*).  (1  -  T.exp<-2px)) 


C^.o^Total)  2  exp(3px).  exp(-x^) 

x=-«o 

Since  T  and  the  real  time,  t,  for  any  decay  trace  are  directly  related, 
then  the  experimentally  measurable  quantity  M^/AA^_o  will  be  equal  to  6.^, 
i.  e. 


=  M^/AA^.o  o,-  .  =  (Total) /C^-o (Total)  =  C-^  (Total) /C^_o (Total)  (27) 


Fig.  7  illustrates  how,  the  ratio  of  the  concentration  of  electrons  on 
the  semiconductor  particles,  of  radius,  r, to  the  total  concentration  of 
electrons  at  time,  t,  j.  e.  „./Ct (Total),  varies  with  t  and  r/f, 

f or  p  =  0.75.  Once  again,  the  area  under  the  y,.  vs.  r/f  curve  at  any  time, 
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T,  is  e^,  which  is  proportional  to  C,. (Total l/CT-o^Total).  Thus,  at  t  =  0, 

6^  =  1  and  at  t  =  “,  6,.  is  zero.  Fig.  6(a)  illustrates  a  sectioned  version 
of  the  3D  peofile  illustrated  in  fig.  7  and  fig.  8(b)  illustrates  the  plot 
of  Gt  vs.  ln(T)  for  p  values  from  (a)  1  to  (e)  0  in  steps  of  0.25.  One  way 
in  which  the  the  distribution  width  of  the  CdS  colloid,  p,  may  be  found  is 
to  plot  vs.  ln(t)  and  to  match  up  the  curve  obtained  with  a 

theoretical  G^.  vs.  ln(T)  curve,  calculated  for  a  certain  value  of  p,  such 
as  one  of  those  illustrated  in  fig. 8. 

The  rate  constant  for  particles  with  the  number  average  radius  f  is  k^.^, 
where 

kc  =  4nD(Q]/(f*.  K,I“)  =  r/t  (28) 

Once  the  experimental  decay  data  has  been  plotted  in  the  form  on 

_  vs.  ln(t)  and  matched  up  with  a  theoretical  curve  for  a  particular  value 
of  p,  of  the  type  illustrated  in  f ig. 8,  then  Rq*  may  be  determined  by  the 
difference  between  the  ln(T)  and  ln(t)  values,  since,  from  equation  (28), 
ln(T)  -  in(t)  =  ln(kQ»). 

We  have  already  seen  that  for  an  activation-controlled  reaction  the 
AA^/AA.t«o  vs.  time  profiles  will  be  independent  of  flash  intensity  and  the 
plots  will  be  superimposable.  since  i,  is  independent  of  I.  However,  for  a 
diffusion-controlled  reaction  t  and,  therefore,  [e“3.t/f will  be 
dependent  upon  I®,  via  equations  (12)  and  (23).  As  a  result,  the  predicted 
different  plots  of  G.,.  (and,  therefore,  AA^/AA.t.ol  vs.  time  t  (or,  t)  for 
the  different  flash  intensities  should  not  be  superimposable.  In  practical 
terms  the  rate  constant  for  the  decay  of  Ce"3  will  appear  to  decrease  with 
increasing  I,  i. e.  the  time-scale  of  the  decay  will  appear  to  increase  with 
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increasing  flash  intensity.  This  predicted  behaviour  in  kinetics  provides 
a  good  description  of  the  observed  kinetics  for  the  colloidal  CdS-methyl 
viologen  (or  methyl  orange)  photosystem  (see  fig.  6).  However,  according 
to  the  diffusion-controlled,  log-normal  model  although  the  plots  of 
ln(Mt/AA.t-o^  vs.  t  will  not  be  superimposable,  plots  of  ln(AAt/M.f.ol  vs. 
ln(t)  will  be  superimposable  and  this  prediction  is  confirmed  for  the 
kinetics  of  the  CdS-methyl  viologen  system,  as  illustrated  by  the  plot  in 
fig.  9  (15]. 


Conclusion 

Activation-controlled,  and  diffusion-controlled,  log-normal  kin«.  :c  models 
can  be  used  to  interpret  the  kinetics  for  interfacial  electron  transfer, 
observed  upon  flashing  colloids  of  TiOa  and  CdS  in  the  presence  of  a 
variety  of  different  electron  acceptors.  Table  1  summarises  the  major 
findings  reported  revealed  using  the  appropriate  log-normal  kinetic  model 
to  analyse  data  arising  from  different  flash  photolysis  studies  carried  out 
on  colloidal  TiO-  and  CdS.  Both  log-normal  kinetic  models  are  likely  to 
find  increasing  application  as  more  semiconductor  photosystems  are 
investigated.  In  this  respect,  the  recent  application  of  the  activation- 
controlled,  log-normal  model  in  the  analysis  of  the  kinetics  of 
p.hotooxidation  of  thiocye.'.ate,  sensitised  by  a  TiO^  powder  dispersion  and 
monitored  b)-  diffuse  reflectance  spectroscopy  appears  to  be  a  particularly 
important  recent  development  (211. 
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Colloid  Characteristics 


TiOa 


CdS 


method  of  TiCl^  hydrolysis 

preparation  (ammonia  [5],  or  cold  water  £203) 


Cd(C10^)2 
+  Na^S  [  U3 


t  ypical 
concentration 


5x10— 
(mol  dm"®) 


5x10— 
(mol  dm~®) 


support 


PVA(M,  72000) 
(0.  1  w/v  V,) 


sodium  hexsmetaphosphale 
(5xl0“®  mol  dm~-^ 


average  16  nm  (ammonia)  or 

particle  6  nm  (cold  water) 

radius  (dynamic  light  scattering  1103) 


8  nm. 

(electron  microscopy  1143) 


particle  size'* 
distriL  Jtion 

(p) 


0. 55  (18  nm)  or 
0.  9  (6  nir.) 


0.  9-1.  0 


determined  from  an  analysis  of  the  flash-photolysis  kinetic  data  using  the 
activation-controlled  (TiO^  [103)  or  diffusion-controlled  (CdS  [14,153),  log¬ 
normal  models  and  methyl  viologen  as  the  quencher. 
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Table  2:  Quenching  Rate  Constants  and  Activation  Energies* 


Quencher 

k,-,a*.t 

{/M-’  s-M 

kci  Iff 

(/M-’  s-’) 

E.. 

(/kJ  mol" 

nOr  [  103 

l.SxlO'^’  (18  nm) 

- 

- 

1.0x10^  (6  nm) 

CdS  C  14,  153 

0^ 

3.  SxlO'" 

- 

82  ±  6 

Cd=-" 

3.  0x10-* 

- 

- 

MV=' 

- 

1.  IxlO’ ' 

21  i  1 

methyl  orange 

- 

2.  1x10”=’ 

19  i  1 

arising  from  an  analysis  of  the  kinetics  using  either  the  activation- 
controlled,  log-normal  model  (gives  kh»t>  or  the  diffusion-controlled, 
log-normal  model  (gives  [10,14,151. 

k^,,^  :  heterogeneous  rate  constant  for  the  number  average  particle. 

kciiff  :  diffusion-controlled  rate  constnat  for  the  number  average  particle. 
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Figure  Legends 


Typical  time  profiles  for  a  TiO^  colloid  (r  =  16  nm),  showing  electron 
transfer  to  methyl  viologen  for  a  range  of  flash  intensity  with  the  final 
concentration  of  MV*-  =  <*>  0.4,  (B)  1.2,  (0)  2.4,  and  (a)  4.8x10“'^  mol 

dm“^.  Reprinted  with  permission  from  Brown,  G.  T.  ;  Darwent,  J. R. ;  Fletcher, 

P.  D.  I.  J.  Am.  Chem.  Soc.  .  1985,  107.  6446-6451.  Copyright  1985  American 
Chemical  Society. 

Transient  decay  curves  recorded  using  different  flash  energies  on  a 
colloid  of  CdS  containing  ascorbic  acid  (10~^  mol  dm~®)  as  the  sacrificial 
electron  donor  and  0^  as  the  quencher  (1.3xl0~*  mol  dm“^).  The  decay 
curves  are  plotted  in  the  form  of  -In (AAi;/AA.t-o>  vs,  t.  The  flash 
energies  used  were  as  follows:  t  28  J,  0  61  J,  a  113  J,  I  153  J,  A  200  J. 
The  solid  line  is  a  plot  of  IniC., (Tot al)/C.,«o (Total))  vs.  t,  calculated 
using  eqn  (11)  of  the  ‘first-order'  model  for  p  =  1.0  and  t  (ms)  =  90.  t. 
Reprinted  with  permission  from  Mills,  A.;  Douglas,  P.  ;  Williams,  0.  Jj_ 
Photochem.  Photobiol. .  A:  Chem.  1989,  48j  397-417.  Copyright  1989 
Elsevier  Sequoia  S.  A. 

Log-normal  distributions  predicted  using  eqns.  (10)  and  (11)  for  the 
following  p  values:  (a)  0,  (b)  0.5,  (c)  1  and  (d)  2. 

Activation-controlled,  log-normal  r.odel:  calculated  variation  of  (=  (e" 
,./C, (Total) )  with  t,  for  p  =  0.  75  using  eqns.  (13)  and  (15). 
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Figure  Legends  (contd. ) 


\a.  Sectioned  version  of  the  plot  in  fig.  4  and  (b)  subsequent  plots  of  6^ 
vs.  t  for  p  =  (a)  1,  (b>  0.75,  (c)  0.5,  (d)  0.25  and  (e)  0  calculated  for 
the  activation-controlled,  log-normal  model. 

Transient  decay  curves  recorded  using  different  flash  energies  on  a 
colloid  of  CdS  containing  cysteine  (10“=  mol  dm~®>  as  the  sacrificial 
electron  donor  and  methylviologen  as  the  quencher  (10~^  mol  dro'^").  The 
decay  curves  are  plotted  in  the  form  of  ln(M^/AA^_o  vs.)  t.  The  flash 
energies  used  ware  as  follows:  A  32  J,  0  66  J,  *  105  J,  •  145  J,  I  200  J. 
Reprinted  with  permission  from  Mills,  A.;  Green,  A.;  Douglas,  P.  J. 
Photochem.  Photobiol. .  A:  Chem.  1990,  127-137.  Copyright  1990 

Elsevier  Sequoia  S.  A. 

Diffusion-controlled,  log-normal  model:  calculated  variation  of  t e~ 

1  Ct  (Total)  with  T,  for  p  =  0.  75  using  eqns.  (13)  and  (23). 

(a)  Sectioned  version  of  the  plot  in  fig.  4  and  (b)  subsequent  plots  of  6,. 
vs.  InCx)  for  the  following  values  of  p:  (a)  1,  (b)  0.75,  (c)  0.5,  (d) 

0.25  and  (e)  0  calculated  for  the  diffusion-controlled,  log-normal  model. 
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Figure  Legends  (contd.  ) 


Same  transient  decay  data  as  illustrated  in  fig.  6  but  plotted  in  the  form 
of  vs.  InT  (or  <x  +  Int)  where  x  =  ln{4-JiD[  Q]  /  (f®K,  I  ’  ;  see  eqn 

26).  The  solid  line  is  a  plot  of  CxCTotaD/CT-otTotal)  vs.  InT, 
calculated  using  eqn  (26)  of  the  diffusion-controlled,  log-normal  kinetic 
model  for  p  =  0.9.  Reprinted  with  permission  from  Mills,  A.;  Green,  A.; 
Douglas,  P.  J.  Photochem.  Photobiol.  .  A:  Chem.  1990,  5^  127-137. 

Copyright  1990  Elsevier  Sequoia  S. A. 
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ABSTRACT.  Electron  transfer  reactions  between  different  electron  donors  end  metal 
chalcogenide  semiconductor  colloidal  particles  were  studied  by  the  pulse  radiolysis  technique. 
Equilibrium  concentrations  of  the  reactants  were  exploited  to  derive  the  potential  of  the  lowest 
empty  electronic  state  of  the  quantized  semiconductor  colloids.  For  metal  chalcogenide  particles 
which  contain  a  small  number  of  molecules  in  microcrystallites,  empty  coordination  sites  at  the 
crystal  boundaries  can  be  filled  by  OH*  or  other  complexing  agents.  This  kind  of  chemical 
modification  of  the  surface  affects  the  nature  and  density  of  the  trapped  sites  on  the  surface. 
Electron  transfer  reactions  from  hydrous  titanium  oxides  to  different  strong  oxidizing  agents 
such  as  SO/,  OH  and  Tl“'^  were  also  studied.  Different  spectroscopic  properties  were  found  for 
OH  and  hole  adducts  of  hydrous  titanium  oxides  in  the  alkaline  colloidal  solution.  The 
potentials  of  holes  located  in  mid-gap  levels  of  Ti02  colloids  were  determined  in  solutions  of 
different  pH. 


INTRODUCTION 

In  recent  years  there  has  been  much  interest  in  the  nature  of  nanometer-scale 
semiconductor  particles  that  exhibit  quantization  effects  (1-4).  Due  to  the  confinement  of  the 
electron  and  hole  in  small  clusters  the  physical  and  chemical  properties  are  appreciably  modified 
from  their  bulk  behaviour.  Of  particular  interest  is  their  ability  to  enhance  photoredox  chemistry 
(5).  A  large  increase  of  several  eV  in  the  effective  band  gap  in  quantized  particles  leads  to  an 
undesirable  inherent  instability  of  the  particles,  since  cathodic  and  anodic  corrosion  potentials 
have  new  positions  relative  the  band  edges;  the  cathodic  corrosion  potential  lies  below  the 
lowest  empty  electronic  state  and  the  anodic  above  the  highest  filled  state.  Information  about 
the  energy  levels  of  the  semiconductor  particles  in  the  solution  can  be  obtained  by  studying 
interfacial  charge  transfer  reactions  in  these  microheterogeneous  systems  (6,7). 
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In  this  work  the  pulse  radiolysis  technique  was  used  to  study  the  chemical  reaction  on 
the  surface.  Radicals  produced  by  the  pulse  radiolysis  can  accept  or  donate  electrons  to  the 
semiconductor  particles.  The  potentials  of  the  lowest  empty  electronic  state  of  a  number  of 
quantized  metal  chalcogenide  particles  was  determined.  Hole  injection  into  titanium  hydrous 
oxide  colloids  was  also  studied. 

REDOX  DEGRADATION  POTENTIAL  OF  EXTREMELY  SMALL  PARTICLES 


The  physical  nature  of  the  particles  prevents  the  investigation  of  the  electronic  energy 
levels  by  impedance  measurements  such  as  have  been  used  for  single  crystal  semicond”  ,tor 
electrodes.  Radiation  chemical  processes,however,  enable  the  electronic  energy  levels  in  the 
particulate  semiconductor  to  be  determined,  since  transient  species  with  strong  negative  redox 
potentials  can  be  created  in  the  solutions,  resulting  in  a  charge  transfer  between  the  redox 
couple  and  the  semiconductor  particles: 


+  coll  — ,  +  (e-)cx)ll  (1) 

In  reaction  (1),  (e‘)coll  represents  electrons  injected  into  the  semiconductor  colloid.  is 

produced  by  the  radiation  chemistry  processes  following  the  electron  pulse,  and  electron  transfer 
to  the  colloids  is  followed  via  transient  spectrophotometry. 

In  the  presence  of  the  M”"*"/  couple,  the  lowest  available  energy  level  in  the 

particle  equilibrates  in  time  with  the  redox  potential  of  the  couple.  This  potential  is  a  measure 
of  the  reducing  power  of  the  semiconductor  material,  and  is  related  to  the  electron  affinity  of 
the  semiconductor  and  the  charge  density  at  the  surface. 

The  potential  of  the  particles,  E(e’)coll,  and  that  of  the  solution  are  equilibrated. 
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E(e-)coll  =  0.059  Iog{[M"'"]/[M("-^)+]} 


(2) 


For  large  particles  at  equilibrium  this  potential  should  be  equal  to  the  Fermi-level 
potential  of  the  particles  (7,8).  Although  identity  is  only  valid  if  the  particles  retain  the  band 
structure  of  the  bulk  material,  it  is  generally  accepted  that  semiconductor  particles  with 
relatively  large  effective  masses  and  with  diameters  above  50  A  do  exhibit  bulk  properties  (1). 

The  quantized  particles  have  no  conduction  and  valence  states  near  the  Brillouin  zone 
center,  which  is  associated  with  long  range  cristallinity  (9).  For  these  particles  the  potential  of 
the  lowest  empty  electronic  state  is  equilibrated  with  the  redox  couple  in  the  solution;  all  bulk 
and  surface  traps  that  lie  below  this  state  are  filled.  The  lowest  empty  electronic  state  of 
quantized  colloids  was  determined  by  observing  which  redox  couples  could  inject  electrons  into 
the  semiconductor  particles.  The  results  are  summarized  in  Figure  1,  which  shows  the  redox 
couples  studied  and  the  deduced  positions  of  the  empty  electronic  states  for  CdTe  (10),  CdSe 
(11),  CdS  (12),  PbSe  (5),  HgSe  (5)  and  PbS  (13).  In  this  figure,  only  redox  couples  above  the 
indicated  energy  levels  of  the  measured  semiconductors  could  inject  electrons  into  the  respective 
colloids;  the  uncertainty  in  the  electronic  energy  levels  of  the  semiconductors  is  also  indicated 
in  the  figure. 

Size  quantization  in  small  particles  creates  energy  levels  that  lie  above  the  corrosion 
level.  All  colloids  presented  in  Figure  1,  with  exception  of  40-A  PbS,  undergo  cathodic  corrosion 
by  injection  of  electrons.  For  40-A  PbS  the  redox  potential  of  a  particle  was  found  to  be  -0.07 
V  (vs.NHE)  which  is  more  positive  than  the  cathodic  corrosion  potential  of  PbS,  -f).91  V  (vs. 
NHE). 

We  chose  zwitterionic  viologen  radicals,  ZV(E°  =  -0.37  V),  to  determine  the  position 
of  the  lowest  empty  electronic  states  of  40-A  PbS.  For  example,  the  variation  of  redox  potential 
with  the  concentration  of  injected  electrons  is  shown  in  Figure  2.  The  density  of  the  electrons 
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in  our  experiments  (lO^^-lO^*  e’  /cm^)  is  sufficiently  large  to  fill  all  bulk  and  surface  traps  that 
lie  below  the  band  edge.  At  the  same  time, trapped  electrons  slightly  increase  the  band  gap 
(14,9),  which  we  observed  as  band  edge  movement  in  the  cathodic  direction. 

EXCESS  CHARGE  ON  QUANTIZED  PARTICLES 

The  nature  of  the  electrons  injected  into  the  semiconductor  colloids  is  of  general 
interest.  In  large  particles,  electrons  move  freely  in  the  conduction  band.  However,  in  quantized 
particles  the  situation  is  different  since  the  exciton  only  is  formed  and  this  is  trapped  as  an 
electron/hole  pair  at  random  positions  on  the  particle  surface  (9).  Excess  electrons  or  holes 
which  are  injected  into  particle  are  also  localized  at  different  defect  sites  on  the  surface.  On  the 
other  hand,  the  methods  used  for  preparation  of  extremely  small  particles  usually  create  high 
densities  of  defects  and  disorder  on  the  surface  as  well  as  imperfection  in  lattice.  Corrosion 
processes  on  the  semiconductor  begin  with  localization  of  electrons  or  holes  at  defect  sites  on 
surface.  In  order  to  suppress  corrosion  and  non-  radiative  recombination  it  is  important  to  block 
the  defect  sites  on  surface  and  to  allow  the  excitonic  recombination  to  occur. 

The  semiconductor  CdTe  is  a  promising  material  for  use  in  optoelectronics  (16).  We 
prepared  quantized  CdTe  colloidal  particles  with  a  very  sharp  excitonic  peak  (Figure  3,  curve 
a)  in  the  presence  of  thiol  which  is  a  complexing  agent  for  Cd^'*’  ions  (15).  The  colloids  were 
prepared  in  two  different  ways  and  have  the  onset  of  absorption  shifted  towards  the  UV  region. 
The  absorption  spectrum  with  sharp  peak  (Curve  a)  is  associated  with  35  A  particles,  prepared 
in  the  presence  of  thiols.  For  these  colloids  partial  passivation  with  thiols  and  OH'  ions  can  be 
achieved  and  luminescence  with  a  high  quantum  yield  of  0.2  was  observed.  Some  ions  which  are 
strongly  bound  to  surface  can  cover  defect  sites  on  the  surface.  In  very  small  particles  containing 
a  small  number  of  molecules,  empty  coordination  sites  at  the  crystal  boundaries  are  filled  by 
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species  present  in  the  environment.  For  example,  CdTe  particles  with  the  cubic  zinc  blende 
structure  and  a  diameter  of  35  A  contain  90  cell  units  and  about  250  cadmium  atoms  on  surface, 
which  can  be  bound  by  species  present  in  the  solution.  In  an  alkaline  medium,  the  small  OH' 
ions  can  enter  the  crystal  faces  and  bind  to  these  sites.  As  a  result,  the  layer  of  cadmium 
hydroxide  on  the  CdTe  surface  removes  the  surface  sites  at  which  non-radiative  recombination 
of  charge  carriers  takes  place,  increases  the  luminescence  quantum  yield  and  shifts  the  emission 
towards  higher  energy.  It  was  found  for  CdS  (14),  PbS  (13)  and  CdTe  (10)  colloids  that 
long-lived  bleaching  created  by  trapped  charge  disappeared  in  alkaline  solution.  However,  CdTe 
particles  with  a  diameter  of  about  35  A  are  very  sensitive  to  corrosion  due  to  large  shifts  in  the 
position  of  the  lowest  empty  electronic  state  to  a  veiy  negative  value  grater  then  -1.9  V  (Figure 
1)  which  favours  the  reductive  corrosion  process.  The  formation  of  free  cadmium  atoms  by 
injection  of  excess  electrons  into  20-A  CdTe  was  observed  in  pulse  radiolysis  experiments  (10). 
The  first  step  involves  an  intermediate  state  which  equilibrates  with  the  level  of  lowest  empty 
electronic  state  that  is  a  precursor  to  a  second-  step  reduction  of  CdTe  to  Cd°. 

HOLE  INJECTION  INTO  TiOj  COLLOIDS 

Hole  injection  into  semiconductor  particles  was  observed  via  interfacial  electron  transfer 
from  titanium  oxide  colloids  to  strong  oxidizing  agents.  We  chose  titanium  oxide  because  it  has 
good  properties  for  the  photooxidation  of  a  wide  variety  of  organic  and  inorganic  substrates 
(17).  $04',  OH  and  Tl^'''  were  used  as  oxidizing  agents  because  of  their  large  positive  redox 
potentials.  $04'  is  an  oxidizing  radical  with  a  potential  £(8047  804^)  =  2.4  V  (vs.  NHE)  (18) 
which  is  even  higher  than  that  of  OH  radical  [E(OH/OH*)  =  1.9  V  (vs.  NHE)]  (19).  In  a 
solution  of  2.75x10'^  M  Ti02  (average  diameter  25  A,  particle  concentrationt  -1.2  x  10'^  M)  at 
pH  10,  SO4*  radicals  inject  holes  directly  into  particles.  The  transparent  solution  of  1102  with 
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a  particle  size  of  25  A  in  water  shows  a  small  spectral  blue-shift  which  corresponds  to  a  band 
gap  of  3.4  eV,  slightly  higher  than  the  3.2  eV  for  bulk  anatase  Ti02.  Bahneraann  et  al.  (20) 
found  that  these  small  particles  also  have  the  anatase  titanium  dioxide  structure.  It  is  known  that 
hydrous  titanium  oxide  is  slightly  soluble  in  water  (21).  However,  in  neutral  and  alkaline 
solutions  the  reaction  of  monomers  or  low  weight  aggregates  of  titanium  hydroxide  is  negligible 
since  the  particle  concentration  is  higher.  In  acidic  solution  (pH  <  3),  the  concentration  of 
TiO^'*'  ions  and  oligomers  is  higher  than  the  concentration  of  particles,  and  they  can  also  react 
with  oxidizing  radicals  (22). 

In  neutral  and  alkaline  solutions  hydroxylated  Ti02  is  dissociated  on  the  surface  as 

=TiO- 


SO/  +  sTiO-  — .  (=  TiO-)+  + 

(3) 

O 

P 

III 

1 

+ 

o 

p 

III 

(4) 

Brown  and  Darwent  (23)  assumed  that  surface  radicals  =TiO  are  formed  during  photooxidation 
of  colloidal  7102-  This  radical  should  also  be  formed  by  he  reaction  of  the  SO/  radical.  The 
reaction  of  SO^'  with  Ti02  is  very  fast  and  we  obtained  kj  =  3.75x10^°  M'^s'^  at  pH  10,  which 
is  very  close  to  the  rate  predicted  for  diffusion-controlled  reactions.  In  these  experiments  the 
concentration  of  SO/  species  was  2.7  x  10"^  M  and,  on  average,  every  fifth  particle  reacts  with 
one  hole.  However,  the  transient  absorption  spectrum  is  the  same  even  when  two  holes  react 
with  one  particle.  Figure  4a  “hows  the  broad  absorption  spectrum  of  the  transient  formed  by 
the  SO/  reaction,  which  has  an  onset  at  about  460  nm  and  rises  steeply  towards  the  UV  region. 
This  absorption  spectrum  shows  a  slight  blue  shift  if  compared  with  the  spectrum  for  trapped 
holes  reported  by  Henglein  and  co-workers  (24)  and  obtained  by  flash  photolysis,  but  it  is  in 
close  agreement  with  the  spectruiii  for  the  product  of  the  OH  reaction  with  Ti02  at  pH  3  (25). 
The  same  absorption  spectrum  as  that  in  Figure  4a  was  found  at  pH  3  and  6.  We  also  found 
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that  the  absorption  spectrum  is  not  sensitive  to  the  method  of  the  colloid  preparation.  However, 
the  halflife  of  the  transient  decay  was  found  to  be  of  poor  reproducibility  due  to  the  difficulty 
of  strictly  controlling  the  surface  cheraistiy  during  the  colloid  preparation.  Halflife  ranging  from 
tens  of  microseconds  to  several  milliseconds  were  observed,  depending  on  the  mode  of  colloid 
preparation. 

Rgure  4b  shows  the  absorption  spectrum  of  the  hydroxyl  adduct  which  fiarraed  in  the 
reaction  of  OH  radicals  with  titanium  hydrous  oxide  at  pH  10.  The  initial  absorption  spectrum, 
observed  10  ps  after  the  pulse,  has  a  band  in  the  visible  wavelength  range  with  a  maximum  at 
620  nm.  It  can  be  seen  that  the  OH  adduct  has  a  completely  different  absorption  spectrum  than 
that  of  the  hole  adduct  formed  in  the  804'  reaction. 

We  assume  that  OH  can  be  added  as  a  ligand  at  one  of  the  vacant  position  of  the 
sTiO'groups  on  surface. 


OH  +  TiO-  — .  =TiO-...OH  (5) 

The  observed  growth  in  the  absorption  yields  ^=1.8x10^°  M'^s'^ 

The  transient  absorption  shown  in  Figure  4b  changes  in  a  complex  manner  in  time.  For 
the  absorption  spectrum  with  a  maximum  at  620  nm  two  transients  with  different  kinetics  (tj^o 
=  25  ps  and  160  ps)  are  probably  responsible  for  resulting  decay  at  620  nm.  The  transient  with 
'1/2  ~  which  absorbs  below  460  nm  is  veiy  similar  to  the  absorption  of  the  product 

formed  in  the  reaction  of  SO4'  with  TlOj. 


sTiO'...OH  — .  =T10  +  OH* 


(6) 
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However,  the  absorption  below  460  nm  is  very  weak  and  precise  identification  of  the  product 
is  very  difficult.  Here  again  the  decay  lifetimes  are  poorly  reprodudble  due  to  difficulty  to 
strictly  controlling  the  surface  chemistry.  Completely  different  decay  rates  were  obtained  when 
11(010)4  was  replaced  by  as  the  starting  material  for  the  preparation  of  1[i02-  All  decay 
processes  are  significantly  slower  (-millisecond)  in  the  presence  of  C1‘  ions  (2x10*^  M).  Both  OH 
and  SO4*  reactions  with  1102  lead  to  anodic  dissolution  of  Ti02  (Ejj®  =  1.4  V  vs.  NHE). 

2h''  +  1102  — .  Ti02+  +  1/202  iV 

The  position  of  the  level  in  which  holes  can  be  injected  into  the  25-A  TIO2  colloid  was 
determined  by  observing  which  redox  couples  could  accept  electrons  from  the  semiconductor 
particles.  These  results  are  summarized  in  Figure  5  which  shows  the  redox  couples  studied  and 
the  deduced  position  of  the  highest  electronic  filled  state  of  1102  colloids.  Only  oxidizing  species 
whose  potential  is  below  the  indicated  energv'  levels  could  accept  electrons  from  the  colloids. 
Thus,  for  example  SO4',  and  T1‘*  can  inject  hole,  where  as  Br2',  (SCN),"  ^^d  12'  radicals  cannot 
do  that.  The  OH  radical  and  the  nOH*  ion  reacts  with  Ti02  to  form  an  OH  adduct  which  can 
in  the  presence  of  at  pH  3,  be  transformed  to  a  product  that  is  the  same  as  that  formed 
in  the  504*  reaction.  The  pH  variation  of  the  valence  band  edge  of  the  bulk  anatase  Ti02  is  also 
presented  in  Rgure  5.  This  variation  shows  a  normal  protonic  equilibrium  that  occurs  on  oxide 
surfaces  in  aqueous  solution.  It  can  be  seen  that  the  25- A  titanium  hydrous  oxide  has  a  less 
positive  potential  than  the  TIO2  anatase  crystal.  The  photoelectrochemistiy  of  the  bulk  anatase 
HO2  has  been  interpreted  in  terms  of  the  classical  band  model  which  was  originally  developed 
for  highly  ordered  macrociystallline  materials-  This  treatment  is  not  v-alid  for  small  colloids 
which  have  a  large  surface  to  bulk  ratio  and  surface  states  may  therefore  be  esf^dally  important 
in  the  interpretation  of  the  photoelectrochemical  behaviour  of  colloids.  The  intermediate  state 
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where  hole  injection  occurs  lies  in  mid-gap  level.  This  intermediate  state  equilibrates  relatively 
rapidly  with  oxidizing  agents  and  then  provides  holes  at  a  slower  rate  for  the  oxidation  step  of 
TiOj  (reaction  (7) ). 
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LEGEND  TO  FIGURES 


Figure  1.  Energy  level  diagram  for  equilibration  of  quantized  metal  chalcogenide  semioandLXtor 
particles  with  redox  couple  potentials  in  aqueous  solution. 

Figure  2.  Redox  potential  of  PbS  colloids  as  a  function  of  electron  number  injected  into 
particles.  Solutions  contained  0.1  M  2-propanol,  SxlO'^M  ZV,  and  PbS  colloids  with 
different  concentrations:  (•)  4.5xlO‘'*M,  (A)  3.5x10"^  M,  (x)  2xlO'^M.  and  (o)  1  x  10'^ 
M.  The  concentration  of  ZV‘  was  2.2x10'^  -  7.2x10'^  M. 

Figure  3.  Absorption  and  emis:ion  spectra  of  CdTe  colloids,  (a)  2x10'^  M  CdTe  prepared  in 
the  presence  of  3-mercapto- 1,2  propanediol,  SxlO"^  M  hexamethaphosphate,  pH=10 
and  excess  of  cadmium  ions;  (b)  2.5xl0'‘*  M  CdTe  in  the  presence  of  0.1%  poly(vinyl 
alcohol). 

Figure  4.  (a)  Absorption  spectrum  of  excess  holes  on  titanium  hydrous  oxide  measured  in  argon 
saturated  solution  of  Ti02  (2.75xlO'^M)  at  pH  10  in  the  presence  of  SxlO'^M  Na2S20g 
and  0.01  M  tert-butanol  after  10  ps.  The  concentration  of  SO4'  was  2.8  x  lO'^M.  (b) 
Absorption  spectrum  of  OH  adduct  of  titanium  hydrous  oxide  measured  in  N2O 
saturated  solution  of  TiO2(2.75xl0’^M)  at  pH  10  and  different  times  after  the  pulse. 
The  concentration  of  OH  was  1.1x10'^  M. 

Figure  5.  Energy  level  diagram  for  equilibration  of  25-A  Ti02  with  redox  couple  potentials  in 
aqueous  solution. 
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INTRODUCTION 

Electrostatic  interactions  between  charged  solution  species  have  significant  effects  on  rates  of 
chemical  reactions.  The  diffusional  encounter  of  the  reacting  ionic  species  is  given  Qn  units  of 
s*^)  by: 


kdiff  =  4reNo  ay  (Di  +  Dj)  Oy  x  10*3 


(3) 


In  this  equation,  ay  is  the  distance  of  closest  approach  of  the  reaction  partners  i  and  j,  Di  and 
Dj  are  the  corresponding  diffusion  coefficients,  and  No  is  Avogadro's  number.  The  function  <!>y 
depends  on  the  potential  of  interaction  between  i  and  j,  zitoyj,  and  is  given  by: 


(4) 


In  a  solution  containing  a  background  electrolyte,  the  Debye-Hiickcl  treatment  for  the 
potential  energy  of  interaction  yields: 


For  a  1:1  electrolyte  and  at  2S'’C.  k  =  0.3290^/^  (A*l).  where  c  is  the  concentration  (in 
molc/1)  of  the  electrolyte.  The  Debye  length,  l/x,  is  the  distance  at  which  the  interaction  potential 
between  die  reactive  charged  species  has  fallen  to  1/c  of  the  value  at  contact.  For  a  1:1  electrolyte 
at  a  concentration  of  O.OOIM  1/k  is  about  1(X)  A,  At  higher  electrolyte  concentrations  the 
interaction  ran^  between  charged  reactants  is  of  course  reduced  due  to  increased  screening  of  the 
potu'.tiai  by  the  counter-ions.  At  a  1:1  electrolyte  cOTcentration  of  0.1  M,  l/x  of  about  10  A  is 
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obtained.  The  ra^  constant  of  the  elementary  reaction  between  hydrated  elections  and  protons,  for 
cxan^lc.  decreases  by  aj^roximatcly  20%  over  the  electrolyte  concentration  mentioned 

Perhaps  a  mote  interesting  area  in  which  to  consider  die  effects  of  Coultmibic  intoactions  is 
in  reactions  occuning  in  luicrohetciogcneous  systems,  i.e.,  reactions  between  charged  collet  and 
mic  oxidants  or  reductants.  Due  to  the  larger  interaction  potentials  that  can  exist  between  charged 
colloids  and  charged  reactants,  electrostatic  effects  can  be  far  more  pnxtounced  than  for  single  ion- 
ion  intOTCtitxis. 

Generally,  a  colloid  can  be  considered  to  be  a  globular  polynter,  micelle,  or  a  solid  metallic  (x 
semiconductor  panicle  panicle.  The  random  generation  of  reactive  species  by,  say,  an  excitation 
light  pulse  or  a  pulse  of  ionizing  radiation,  in  a  colloidal  dispersion  can  lead  to  chemical  reacnons 
between  the  colloid  and  the  reactive  solution  species.  The  rate  of  these  reactions  are  highly 
dependent  on  the  charge  on  the  colloid,  the  charge  on  the  reactant  and  on  the  background 
electrolyte  concentration  of  the  dispersion.  If  the  chemical  reactions  in  question  are  diffusion 
ccMiirolled,  tficn  the  above  parameters  ait  quantitatively  taken  into  account  in  equation  (3).  The  one 
modification  that  needs  to  be  made  is  that  the  potential  profile  between  the  colloid  and  the  ion  must 
be  found  6om  the  numerical  solution  of  the  Poisson-Boltzmann  equation; 

where  r  is  the  distance  from  the  surface  and  the  other  symbols  have  dieir  usual  meaning. 
Although  equations  (4)  and  (6)  are  clumsy  to  work  with,  they  can  ncverdieless  be  readily  solved 
numerically.  The  influence  of  Coulombic  interactions  between  a  colloid  and  a  charged  reactant  has 
recognized  in  micellar  systems  polyelectrolyte  solutions  and  sanictMidoctor  panicle 
dispemems 

Often  the  reaction  between  the  solution  species  and  the  solid  particle  is  slower  than  the 
diffusion  t^ntrolled  limit.  i.e.  the  difhisional  encounter  betweot  the  colloidal  particle  and  the 
solution  species  docs  not  lead  to  a  reaction  on  each  encount^.  Electron  transf^,  between  the 
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semiconductor  particle  and  solution  species  is  in  general  activation  controlled.  To  treat  aedvadon 
controlled  reactions  and  sdll  allow  for  Coulombic  interactions  between  the  colloid  and  solution 
reactant  rwioires  a  significant  embellishment  to  equation  (3).  To  illustrate  dtc  conscquciocs  of  this 
treatment,  we  will  concentrate  in  the  fonheoming  discussitm  on  electron  transfer  xenons  between 
scmictHiductor  colloids  and  charged  redox  reactants  in  solution. 

INTERFACIAL  ELECTRON  TRANSFER  REACTIONS 

Before  developing  the  equations  involved  in  electron  transfer  across  the  coUtnd-sdution 
interface,  it  is  necessary  to  adopt  a  model  describing  the  electrostatic  potential  profile  0|f(r)) 
between  the  charged  particle  surface  and  die  bulk  solution.  A  useful  and  widely  used  mo^  is  die 
Gouy-Chapman-Stem  (GCS)  model  which  is  depicted  in  Rgurc  1.  The  diagram  shows  that  for  a 
negatively  charged  surface  with  a  surface  potential,  Voi  there  will  be  an  immobile  layer  of 
oppositely  charged  ions  immediately  next  to  the  surface  (the  Stem  layer),  and  a  diffuse  distribution 
of  mobile  ions  at  fuithw  distance  from  the  surface.  In  this  electrical  douUe  layer  (EDL)  there  is 
overall,  of  course,  an  equal  number  of  positive  and  negative  charges.  The  electrostatic  potential 
extending  from  the  surface  into  the  bulk  solution  will  have  die  profile  as  shown  in  the  figure. 


1  I  Stem  layer  ^ 

•©  • 

A*  •  V-/  diffuse  Charge  region 
negative  surface  dtarge 


distance  from  surface 


Hgure  1 .  Schematic  diagram  of  the  GCS  model  for  the  EDL  of  a  charged  surface  in  an  aqu^s 
eto:trolyte  sdurioa,  uidi  Ac  corre^wtkiing  clectiostatic  potential 
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Fot  b  colloidal  semiccKiductor  metal  oxide,  die  electrostatic  surface  potential  is  cmitn^ed  by 
the  net  surface  chaise  density.  a>ii^5ed  of  positive  and  negative  'O'  sit^  Siitee  th^  sites 

are  in  equilibrium  with  solution  protons,  a  change  in  the  pH  of  the  solution  will  af£xt  die  surface 
charge  density  and  hence  the  electrostatic  surface  potmtial.  The  pH  at  which  dieie  is  an  equd 
number  of  positive  and  negative  sites  on  die  oxide  is  known  as  the  pzc;  at  diis  the  electrostatic 

surface  potential  will  be  aero.  At  a  pH  above  die  pzc,  the  surface  will  be  negative,  and  below  die 
pzc  the  surface  will  be  positive. 

Armed  with  this  model  of  the  electrostatic  surface  of  a  colloidal  stmuconductor  metal  oxide, 
electron  transfer  reactions  can  now  be  considered.  For  anodic  electron  transfer  (electron  transfer 
from  a  solution  species  to  the  colloid)  die  rate  constant,  using  the  electrocbenrical  Tafel 
^proximadon.  can  be  expressed  as: 


PFCEfEroioxy 


m 


whwc  k®  is  the  rate  conaant  when  the  system  is  at  equilibrium,  ic,  Ef  -  =0-  Ef  is  die 

etecnodieinical  potential  of  the  Fermi  level  of  dte  senucoiducKH^aiKl  is  assumed  to  Ite  Mtlte  bexunn 
of  the  conduction  band.  Ejedox  die  electrochemical  reductm  potential  of  the  reactive  solution 
species.  In  the  treatment  followed  in  this  article,  both  these  potentials  aio  taken  rdative  to  the 
NHE. 

At  the  pzc.  the  rate  constant  for  electron  transf^  is 

k|2c®k*( 


RT 


:s^U3 
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As  indicated  earlier,  a  change  in  pH  will  affect  the  electrostatic  potential  at  the  surface  of  the 
semiconductor  oxide.  This  can  be  incorporated  into  equation  (8)  by  using  the  following  two 
equations; 


Ef-E^®^  +  ^o  W 

RT 

^o*=13~(pH.pHp2c)  (10) 

Substituting  equations  (9)  and  (10)  into  equation  (8)  gives; 

logfeV-POiH.pHp^c)  (II) 

Equation  (11)  assumes  that  the  reaction  occurs  at  the  surface.  It  is  commonly  believed, 
however,  that  the  plane  at  which  electron  transfer  occurs  is  at  the  Outer  Helmholtz  Plane  (OHP) 
II II.  At  this  plane  the  electrostatic  potential  is  no  longer  Wq  but  rather  'Fohp-  Only  at  high  ionic 
strength  (or,  trivially,  at  the  pzc)  will  the  two  coincide.  For  a  finite  potential  at  the  OHP  and  taking 
into  account  that  the  concentration  of  reactive  species  (of  charge  zr)  at  the  OHP  is  now  detciroincd 
by  a  Bolmnann  distribution,  produces  equation  (12)  t^.lO]^ 


The  validity  of  this  equation  has  been  tested  fw  the  reaction  of  both  negatively  and  positively 
charged  radicals,  reducing  colloidal  iron  oxide  To  show  its  more  universal  application  we 
now  turn  to  the  case  of  electron  transfer  from  the  colloid  to  a  solution  species.  For  a  cathodic 
electron  transfer  process,  p  in  equation  (12)  is  replaced  by  -(l-p),  and  this  gives  equation  (13). 


(13) 
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Although  a  number  of  reactions  have  been  studied  involving  electron  transfer  from  a 
semiconductor  colloid  to  a  solution  species*  EDL  effects  h'ye  not  in  general  been  recognized. 
Little  data  acmally  exists  in  the  literature  that  allows  the  treatment  of  the  data  by  equation  (13).  An 
exception  is  the  work  of  Darwent  and  co-workers  (6-8]  using  Ti02  as  the  electron  donor  and 
methylviologeh  (KfV++)  as  the  solution  acceptor.  Their  rate  constant  data  at  diffciwit  pH  is  plotted 
in  Figure  2  relative  to  the  value  at  the  pHpzc> 


Figure  2.  Experimental  and  theoretical  plots  of  iog(t^)  vs.  ApH  («=  pH  •  pHpzc)  for 

“PZE 

electron  transfer  from  Ti02  to  MV++.  Data  points  arc  ftom  references  6  and  7.  Solid  lines  have 
been  calculated  using  equation  (13)  and  C  values  taken  from  Figure  3.  In  dicsc  calculations,  P  = 

O.S  and  zr  »  2, 

The  overlap  of  the  data  in  Figure  2  for  die  different  higher  electrolyte  concentrations  implies 
that  «  0  in  this  concentration  regime.  The  solid  line  passing  through  the  data  points  for 
0.4M,  0.49M  and  0.6M,  1:1  electrolyte  has  therefore  been  generated  using  the  cathodic  version  of 
equation  (1 1),  i.c.,  equation  '13)  with  VoHP  =  0.  The  choice  of  p  *  0.5  is  consistent  with  other 

3^-2/r 
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measurements  on  TiOj  colloids  19,10,12.133.  in  order  to  calculate  theoretical  lines  through  the  other 
data  points  shown  requires  a  knowledge  of  the  variation  in  the  OHP  potential  of  Ti02«  Accepting 
that  'PoHP  ts  to  the  C  potential  the  data  of  Wiese  and  Hcaly  DS]  can  be  used  to  genwate 

the  two  curves  shown  in  Figure  3.  The  original  data  of  Wiese  and  Healy  reports  only  ^  potentials 
at  pH  values  greater  than  the  pHpz(;.  However,  since  electrophoretic  potentials  are  symmetric  about 
the  pzc  (provided  no  speciric  ion  adsorption  occurs)  the  full  curves,  as  shown,  can  be  generated. 


Figure  3.  The  electrophoretic  ^  potential  on  Ti02  colloids  as  a  function  of  ApH  and 
background  electrolyte  (KNO3)  concentration.  Data  from  reference  15. 

Using  the  data  of  Figure  3  and  equation  (13)  generates  the  solid  lines  in  Figure  2,  which 
essentially  follow  the  0.01  M  and  0.001  M  data.  As  can  be  seen,  dicre  is  cxcellau  conespondence 
between  theory  and  the  0.01  M  experimental  data  and  a  reasonably  good  conelation  between  thv.. 
two  data  sets  for  0.001  M  A  possible  reason  diat  the  experimental  points  at  pH  values  greato-  dian 

* 

the  pHpzc  for  the  0.001  M  data  are  slightly  higher  than  the  theoreticel  line  may  be  due  to  specific 
adsorption  of  onto  colloidal  iron  oxide  under  similar  conditions.  At  higher  electrolyte 
levels,  as  with  the  0.01  M  data,  ion  exchange  effects  reduce  the  amount  of  adsorbed  MV++  as  we 

.  ■  - 1, 
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have  observed  on  colloidal  Sn02  ^ and  consequently  in  this  case,  theoiy  and  experiment  agree 
very  well. 

A  final  point  to  discuss  is  the  situation  in  which  activation  controlled  reactions  overlap  with 
diffusion  limited  reactions,  a  situation  that  can  occur  if  an  electron  transfer  reaction  is  followed 
over  a  wide  pH  range.  The  appropriate  rate  constant,  k,  is  then  give  by; 

An  example  of  a  system  in  which  this  was  found  to  occur  was  in  our  study  of  the  reduction 
of  colloidal  iron  oxide  HO], 

SUMMARY 

Electrostatic  field  effects  around  a  colloidal  semiconductor  metal  oxide  can  have  a 
pronounced  effect  on  the  rate  of  interfacial  electron  transfer,  both  to  and  from  the  colloid.  A 
quantitative  understanding  of  the  effect  can  be  gained  based  on  available  models  of  the  electrical 
double  layer  surrounding  a  colloid  in  solution  and  the  treatment  of  inteifacial  electron  transfer  using 
athc  clcctrtxhcraical  Tafel  approach, 
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